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ABSTRACT 


To  examine  the  mechanisms  of  host  parasite  relationships, 
auxotrophs  of  covered  smut  (U.  hordei)  were  used  to  infect  cultivated 
barley.  Both  homocaryons  and  he terocaryons  of  covered  smut  were 
used.  The  homocaryons  carrying  genes  for  the  same  biochemical 
requirement  in  each  nucleus ,  can  be  placed  in  three  groups  on  the 
basis  of  their  capabilities  for  pathogenicity  on  cultivated  barley  -- 
(1)  those  in  which  all  of  the  homocaryons  with  the  same  requirement 
are  pathogenic,  (2)  those  in  which  such  homocaryons  are  invariably 
non-pathogenic  and  (3)  those  in  which  some  such  homocaryons  are  and 
others  are  not  pathogenic. 

The  hypothesis  proposed  to  explain  this  is  that  the 
metabolites  needed  by  group  1  are  supplied  by  the  host  in  adequate 
amounts  for  the  development  of  the  parasite  throughout  its  growth 
period  and  where  they  are  needed,  but  the  host  did  not  adequately 
supply  the  metabolites  needed  by  group  2  and  marginally  supplied 
the  metabolites  of  group  3. 

In  double  homocaryons  three  examples  were  reported  in 
which  mutants  similar  to  those  of  group  2  but  accompanied  by  a 
second  biochemical  deficiency  in  the  homozygous  state  were 
pathogenic.  Among  he terocaryons  carrying  genes  for  more  than  one 
biochemical  deficiency  in  the  heterozygous  state  percentage  of 
pathogenicity  varied  greatly  when  one  mutant  gene,  in  the 
heterozygous  state,  was  replaced  by  another. 


To  explain  these  a  second  hypothesis  was  proposed,  viz. 
there  is  a  delicate  balance  between  the  availability  to  the 
parasite  of  the  different  metabolites  which  it  requires  and  its 
requirements  and  this  balance  is  affected  by  the  presence  of 
other  metabolites. 

The  third  hypothesis  suggested  is  that  the  gene 
combination  or  balance,  referred  to  as  the  equipoise  of  the 
genes,  in  the  parasite,  in  the  host  and  in  the  host  parasite 
complex  determines  the  nutritional  balance  mentioned  above. 
Multiple  heterozygotes  were  used  to  test  these  two  hypotheses 
and  evidence  is  presented  supporting  a  mechanism  other  than  a 
simple  gene “for “gene  relationship  in  the  pathogenicity  of 
heterozygous  auxotrophs  of  U.  hor de i.  This  type  of  resistance 
is  compared  to  field  resistance  and  the  status  of  the  race 
concept  is  discussed. 
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INTRODUCTION  AND  LITERATURE  REVIEW 


1 .  General 

Disease  is  a  problem  which  has  always  plagued  man.  His  own 
diseases  were  among  his  earliest  problems,  but  from  the  time  he  began 
to  domesticate  plants  and  animals  their  diseases  also  became  his 
problem.  Host  parasite  relationships  became  increasingly  important 
as  crops  were  produced  by  mass  production  methods.  The  purpose  of 
this  study  was  related  to  this  problem  and  was  more  specifically  to 
examine  the  nature  of  the  resistance  -  virulence  relationships  between 
nutritional  auxotrophs  of  Us tilago  hordei  (Pers.)  Lagerh.  a  fungal 
pathogen  which  causes  the  covered  smut  of  cultivated  barley,  Hordeum 
vulgare .  More  specifically  the  identification  and  elucidation  of  the 
effects  of  nutritional  deficiencies  in  the  parasite  and  their  influences 
on  the  host  parasite  relationship  comprised  the  major  objective  of  this 
work. 

2 .  Life  Cycle  of  Ustilago  hordei 

The  teliospore ,  which  is  the  diploid  stage  of  this  fungus, 
produces,  by  meiosis,  a  four-celled,  haploid  basidium,  of  which  each 
cell  produces  a  basidiospore,  which  divides  into  sporidia  and  by 
further  repeated  cell  divisions  produces  additional  sporidia.  These 
haploid  cells  are  non -pathogenic ,  i.e.  they  do  not  result  in  disease 
symptoms  including  the  production  of  teliospores.  The  four  basidiospore 
produced  by  a  teliospore  are  segregants  for  mating  type,  two  being  of 
each  type.  The  mating  type  of  a  sporidium  is  the  same  as  that  of  the 
basidiospore  from  which  it  originated.  When  bas idiospores  or  sporidia 
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of  opposite  mating  type  come  into  contact  they  fuse  to  form  the 
binucleate  dicaryon  which  develops  in  a  mycelial  form  and  is  infective. 
This  pathogenic  stage  which  is  usually  produced  by  fusion  of  sporidia 
on  the  surface  of  the  host  grows  as  an  obligate  (unable  to  grow  in 
vitro )  parasite  in  the  host  tissues.  There  is  generally  very  little 
external  evidence  of  the  disease  until  the  emergence  of  the  barley 
spikes,  though  some  dwarfing  of  the  plants  or  crinkling  of  the  leaves 
may  be  regarded  as  tentative  symptoms.  In  infected  spikes  the 
caryopses  are  replaced  by  diploid  teliospores,  cemented  together  in  a 
mass  and  surrounded  by  the  membranous  remains  of  the  lemma  and  palea. 
Sori  occasionally  appear  on  the  leaves. 

3.  Use  of  U.  hordei  in  Genetic  and  Physiological  Studies 

U.  hordei ,  having  sporidia  capable  of  growth  In  vitro  is  an 
excellent  organism  for  detailed  genetic  and  physiological  studies 
because  the  techniques  used  with  yeast  and  bacteria  can  be  applied, 
along  with  studies  of  the  phase  parasitic  on  barley.  Mutagenic  agents 
may  be  used  on  cultures  and  controlled  matings  may  be  performed  to 
produce  dicaryons  capable  of  infecting  the  host.  The  time  lag  of 
about  three  months  between  infection  and  sporulation  appears  to  be  the 
only  major  hindrance  to  rapid  advances  in  these  studies. 

4.  The  Nature  of  Resistance 

The  mechanisms  that  confer  resistance  against  fungal  parasites 
of  higher  plants  are  extremely  diverse  (see  reviews  by  Fischer  and 
Holton,  1957;  Rubin  and  Artsihkovsky ,  1963;  Hare,  1966;  and  Kuc ,  1966). 
Morphological  resistance  wherein  plants  are  rendered  resistant  by  virtue 
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of  their  morphological  features  represents  one  major  category.  In  pines, 
for  example,  the  invasion  of  the  tissues  by  blister  rust  stimulates  the 
host  to  wall  off  the  infection  site  with  cork  and  stone  cells  (Stuckmeyer 
and  Riker ,  1951).  Necrotic  resistance,  or  hypersensitivity,  wherein 
extreme  susceptibility  of  the  host  leads  to  the  isolation  of  infective 
mycelium  in  a  small  section  of  necrotic  tissue  represents  another  form 
of  resistance.  A  good  example  of  this  phenomenon  is  provided  by  the 
resistance  of  Kubanka  wheat  to  Puccinia  graminis  tr it ic i.  This  organism 
kills  a  small  mass  of  cells  near  the  infection  site,  resulting  in  the 
death  of  the  obligate  parasite  (Thatcher,  1943).  Another  example  of 
this  type  of  resistance  has  been  reported  in  some  varieties  of  potatoes 
infected  by  Phytophthora  infe stans  and  in  this  case  it  has  been  shown 
that  the  polymerization  of  phenols  caused  rapid  cell  collapse  and 
limitation  of  the  parasitism  (Muller  and  Behr,  1949). 

Serological  resistance  —  resulting  from  an  antigen  - 
antibody  reaction  —  has  not  been  definitely  demonstrated  in  plants. 
Brock  (1966)  states,  "No  unequivocal  evidence  exists  for  the  production 
by  plants  of  specific  antibodies,"  suggesting  the  probably  limited 
role  of  antibodies  in  the  resistance  of  plants.  Races  of  Xanthomonas 
malvacearum  have  been  shown  to  have  antigens  in  common  with  cotton, 
their  host  (Schnathorst  and  DeVay,  1963),  and  extracts  of  susceptible 
cabbage  infected  with  Fusarium  oxvsporum  were  shown  by  the  use  of 
rabbit  antisera  to  have  at  least  seven  such  components  compared  with 
four  in  uninfected  cabbage  or  in  infected  resistant  cabbage  (Heitefuss 
et  al. ,  1960).  Tempel  reviewed  such  studies  of  antisera  (Tempel,  1957, 
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Although  biochemical  relationships  between  the  host  and 
parasite  probably  underlie  most  forms  of  resistance,  certain  forms  of 
resistance  that  are  known  to  have  a  biochemical  basis  but  are  not 
readily  classified  under  the  categories  described  above,  have  been 
grouped  together  under  the  category  of  biochemical  resistance.  Thus 
leaf  exudates  have  been  shown  to  prevent  the  growth  of  fungi  (Topps 
and  Wain,  1957),  and  the  acidic  fractions  of  apple  leaf  extracts  have 
been  shown  to  prevent  the  germination  of  spores  of  several  species 
of  fungi  (Martin,  Batt  and  Burchill,  1956).  Muller  called  such 
inhibitory  or  toxic  substances  ,Jphytoalexins‘!  (Muller,  1958).  Pisatin, 
a  phenol  and  probably  a  chromocoumarin ,  is  an  example  of  a  phytoalexin 
to  which  fungi  vary  in  their  sensitivity  (Cruikshank  and  Perrin,  1963; 
and  Uehara ,  1962).  Many  other  phenolic  compounds  have  been  studied  in 
their  relationship  to  resistance  (see  review  by  Hare,  1966).  The 
phenols  normally  present  in  host  or  parasite  tissues  are  usually  less 
toxic  than  some  of  their  oxidized  products,  and  the  importance  of 
oxidizing  enzymes  to  resistance,  reported  by  Fuchs  (1956)  and  Valle 
(1956),  may  be  related  to  this  phenomenon.  Enzyme  inhibitors  of 
polyphenol  oxidases,  for  example,  have  been  shown  to  reverse  the 
resistance  of  potatoes  to  Phvtophthora  infe stans  (Tamiyama  et  al . , 
1958)  and  the  importance  of  phenoloxidases  in  the  resistance  of  beans 
to  Pseudomonas  phaseolicola  and  the  interaction  of  peroxidases  and 
catalases  in  relation  to  resistance  versus  virulence  have  been 
investigated  by  Rudolph  and  Stahman  (1964a  and  1966b). 

Another  aspect  of  the  biochemical  role  in  resistance  is 
found  in  amino  acid  metabolism  (see  review  of  the  relationship  between 
amino  acids  and  disease  by  Van  Andel,  1966).  Susceptible  apple 
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varieties  were  rendered  resistant  to  Venturia  inaequalis  by  the 
injection  of  phenylalanine  (Kuc,  Williams  and  Shay,  1957),  and  it  has 
been  shown  that  apple  leaves  converted  phenyalanine  into  phloridzin 
and  phloretin  which  play  a  role  in  resistance  (Holowczak,  Kuc  and 
Williams,  1962;  and  Noveroske,  Kuc  and  Williams,  1964).  Tryptophane 
has  been  shown  to  be  involved  in  the  formation  of  galls  by  Ustilago 
zeae  (maydis)  by  increasing  the  amount  of  indole  acetic  acid  (Wolf, 

1962).  Similar  roles  for  this  amino  acid  are  suggested  by  the 
observation  of  Daly  et  al . ,  (1963)  that  hypocotyls  of  safflower 
infected  with  Puccinia  carthami  weighed  50%  more  than  those  which  were 
uninfected  and  contained  more  indole  acetic  acid  than  healthy  hypocotyls, 
and  that  a  20-fold  increase  of  indole  acetic  acid  in  Little  Club  wheat 
infected  by  P^.  graminis  occurred  at  sporulation  (Shaw  and  Hawkins, 

1958).  Several  amino  acids  have  also  been  found  to  be  active  against 
P.  graminis  (Samborski  and  Forsyth,  1960)  and  prominent  amino  acid 
changes  occurred  after  infection  of  Little  Club  wheat  by  this  fungus 
(Shaw  and  Colotelo,  1961). 

In  contrast  to  the  resistance  conferred  on  a  host  by  the 
production  of  substances  adversely  affecting  the  parasite,  that 
conferred  by  failure  of  the  host  to  provide  the  fungus  with  requirements 
essential  to  its  nutrition  may  also  be  of  some  importance.  That  nutrition- 
plays  an  important  role,  directly  or  indirectly,  in  resistance  has  been 
reported  in  many  studies  (for  reviews  see  Hare,  1966;  Kuc,  1966;  and 
Rubin  and  Artsikhovskaya ,  1963).  A  typical  example  is  the  study  reported 
by  Sempio  (1950)  in  which  bean  leaves  infected  with  Uromyces  phaseoli 
and  floated  on  nutrient  solutions  reacted  differently  according  to  the 
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composition  of  the  solution.  On  water  the  leaves  were  necrotic  and 
infected,  on  a  lavulose  solution  they  were  green  and  infected,  and  on 
a  sorbose  solution  they  were  green  but  uninfected.  This  implied  a 
differing  ability  to  use  the  two  sugars.  Similarly  Samborski  et  al. 
(1958)  found  that  resistance  of  Khapli  wheat  leaves  floated  on  aqueous 
solutions  varied  in  resistance  to  stem  rust  according  to  the  relative 
concentrations  of  glucose  and  benzimidazole. 

To  study  the  nutritional  aspects  of  the  host  parasite 
relationships  Keitt,  Boone  and  their  associates  used  auxotrophic 
mutants  of  Venturia  inaequalis  (Cke.)  Wint.  (Boone  ejt  al. ,  1956, 

1957).  They  reported  that  mutants  requiring  biotin,  inositol,  niacin, 
pantothenic  acid  or  reduced  sulfur  were  pathogenic  but  that  those 
auxotrophs  requiring  choline,  riboflavin,  purine,  pyrimidine  and  the 
amino  acids,  arginine,  histidine,  methionine  or  proline  were  not. 

They  reported,  further,  that  when  the  apple  leaves  were  sprayed  with 
the  requirement  for  which  the  mutant  was  auxotrophic  its  pathogenicity 
was  restored  (Kline  e t  al. ,  1957).  The  above  suggests  that  the  basis 
of  resistance  and  susceptibility  is  nutritional  as  was  suggested  by 
Lewis  (1953)  in  his  nutritional  or  balance  hypothesis.  As  a  result 
of  studies  of  the  bacterium  Erwinia  aroidea  on  various  hosts,  Garber 
(1956)  suggested  the  nutrition  inhibition  hypothesis  in  host  parasite 
relationships.  This  hypothesis  suggested  that  pathogenicity  depended 
upon  two  aspects  of  the  parasite's  environment  within  the  host, 
specifically  the  provision  of  nutrients,  as  suggested  by  Lewis,  and 
also  the  production  of  fungal  inhibitors. 
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The  induction  of  such  fungal  inhibitors  by  substances 
secreted  by  P.  infestans  was  suggested  by  Muller  and  Behr  (1949),  and 
they  felt  that  the  polymerization  of  phenolic  compounds  was  induced. 
Battacharya  e_t  al.  (1965)  reported  the  induction  of  RNA  synthesis  and 
related  it  to  susceptibility  on  the  basis  that  RNA.  increased  rapidly 
when  the  susceptible  wheat.  Little  Club,  was  infected  by  P.  graminis 
although  no  comparable  increase  resulted  from  the  infection  of  the 
resistant  wheat,  Khapli. 

Flor  (1956)  was  the  first  to  suggest  that  the  parasitic 
relationships  between  host  and  parasite  had  a  specific  type  of 
genetic  basis.  According  to  his  hypothesis  a  gene-for-gene  relationship 
existed  between  host  and  parasite  such  that  each  gene  for  resistance, 
as  contrasted  with  that  for  susceptibility  in  the  host  was  parallelled 
by  one  for  virulence,  as  contrasted  with  that  for  avirulence,  in  the 
pathogen.  Each  time  a  new  resistance  gene  appeared  by  mutation  in  the 
host  the  population  of  the  pathogen  would  decline  until  the  occurrence 
of  a  corresponding  gene  mutation  in  the  parasite  made  it  virulent  to 
the  new  resistance  gene.  Person  (1959)  has  provided  a  method  of  analysis 
for  the  gene-for-gene  relationship  and  has  shown  it  to  be  valid  in 
several  host  parasite  systems.  Since  1959  a  number  of  reports  have 
appeared  supporting  this  validity  in  other  systems,  a  recent  example 
is  that  of  Tr  iticum  aes tivum  and  Puccinia  graminis  by  Williams  e_t  a\_.  , 
(1966).  Person  (1966)  gives  12  such  examples  and  discusses  the  fluctuation 
of  the  frequencies  of  genes  for  resistance  in  the  host  and  of  the 
corresponding  genes  for  virulence  in  the  parasite. 
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MATERIALS  AND  METHODS 


1.  Bariev  Varieties 

The  barley  varieties  used  were  Hannchen,  Vantage,  Odessa, 

Lion,  Trebi,  Parkland,  Conquest  and  Brandon  7440.  On  the  basis  of 
the  work  of  Thomas  (1965),  Odessa,  Hannchen  and  Vantage  are  very 
susceptible  varieties,  and  Lion,  Trebi  and  Parkland  are  intermediate 
in  susceptibility  and  were  used  as  varieties  with  these  degrees  of 
susceptibility.  On  the  basis  of  the  Minutes  of  the  Twentieth  Annual 
Meeting  of  the  Associate  Committee  on  Plant  Breeding  (Anonymous,  1965), 
the  varieties  Conquest  and  Brandon  7440  are  resistant,  and  were  used 
to  include  resistant  varieties  in  the  tests. 

2 .  Auxotrophs  of  Ustilago  hordei  (Pers.)  Lagerh, 

Mutants  used  in  this  study  were  induced  by  UV  irradiation  by 
Hood  (1966).  These  mutants  though  they  may  include  chromosomal 
aberrations,  such  as  deletions,  were  for  the  purposes  of  this  work 
considered  as  gene  mutations  since  the  latter  are  more  frequent  as  a 
result  of  UV  irradiations.  For  this  work  the  nutritional  auxotrophs 
were  designated  by  using  Hood’s  numbers  and  adding  the  abbreviation  for 
the  nutrient  required  after  the  number,  thus  X95nia  would  carry  Hood’s 
mutation  X95  which  results  in  a  requirement  for  niacin.  Multiple 
auxotrophs  were  designated  by  using  the  number  of  the  mutations  and 
their  requirements,  thus  V227panU381euX58arg  requires  the  addition 
pantothenic  acid,  leucine  and  arginine  to  minimal  medium  for  growth  of 
the  mutations  numbered  by  Hood  (1966)  as  V227,  U38  and  X58,  respectively. 
This  was  used  as  the  designation  of  a  haploid  sporidial  culture.  A 
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dicaryon  heterozygous  for  the  mutant  genes  and  their  wild  type  alleles 
would  be  shown  using  +  as  the  appropriate  symbol  for  wild  type  genes 
and  an  oblique  line  to  separate  the  genes  in  the  two  nuclei,  thus 
V2  2  7pan++/-HJ3  8  le  uX5  8ar  g . 

3.  Media 

The  media  used  were  the  same  as  Hood’s  (1966). 

4.  Maintenance  of  Cultures 

For  growth  mutant  sporidia  were  placed  on  agar  plates  or 
slants  at  23°  C.  For  storage  these  were  refrigerated  at  5°  C.  After 
one  week's  growth,  plates  and  slants  were  suitable  for  short  term 
storage,  up  to  six  weeks  and  four  months  respectively,  and  could  be 
transferred  to  fresh  medium  within  these  periods,  but  for  longer 
periods  storage  on  silica  gel  by  the  methods  of  Perkins  (1962)  were 
used. 

5.  Inoculation  and  Growth  of  the  Barley 

To  eliminate  surface  contaminants  the  seeds  of  barley  were 
immersed  in  a  l/400  formaldehyde/water  solution  for  one  hour  and  washed 
in  running  tap  water  for  l/2  hour.  The  seeds  were  agitated  in  a  Waring 
blendor  for  15  -  25  seconds  to  loosen  the  hulls,  dried  on  paper  towels 
and  stored. 

Inocula  to  be  used  to  infect  the  barley  were  grown  in  liquid 
medium  to  a  sporidial  count  of  107  -  108  per  ml,  and  cultures  of  the 
desired  auxotrophic  or  prototrophic  lines  and  of  opposite  mating  types 
were  mixed  to  facilitate  sporidial  fusion  and  thereby  dicaryon  formation. 
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Inoculation  was  carried  out  by  covering  barley  seeds  in  glass  vials  with 
this  inoculum,  and  subjecting  them  to  a  vacuum  equivalent  to  22  inches 
of  mercury  for  20  minutes,  after  which  the  excess  inoculum  was  decanted 
and  the  seeds  were  stored  for  4-7  days  before  being  field  planted  at 
100  seeds  per  20  foot  row  or  greenhouse  planted  at  10  seeds  per  six 
inch  pot.  Pathogenicity  of  the  inoculum  was  determined  by  checking  the 
barley  at  maturity  for  the  presence  and/or  frequency  of  smutted  heads. 

A  comparison  of  pathogenicity  with  and  without  host  supplementation 
was  conducted  in  the  greenhouse  with  selfed  mutant  lines,  i.e.  with  lines 
having  the  same  deficiency  in  each  nucleus  and  was  performed  as  follows: 

Duplicate  inoculations  on  each  of  the  five  barley  varieties 
were  performed.  The  seeds  in  one  inoculation  group  were  dusted  with  the 
chemical  required  by  the  auxotroph  and  further  treatments  were  provided 
by  spraying  the  plants  at  14  day  intervals  with  a  solution  of  this 
chemical.  The  members  of  the  other  inoculation  group  were  not  so  treated. 

6.  Niacin  Assay 

A  niacin  assay  was  carried  out  using  six  varieties  of  barley: 
Conquest,  Odessa,  Lion,  Trebi,  Hannchen  and  Brandon  7440.  Seeds  of 
each  variety  were  germinated  on  sterile  filter  paper  in  plastic  petri 
dishes  for  three  days.  The  complete  seeds  were  dried  at  80°  C  for  48 
hours.  They  were  ground  in  a  Wiley  mill  and  stored  in  glass  vials  at 
room  temperature  until  tested.  Plants  of  each  variety  were  grown  in- 
six  inch  pots  in  the  greenhouse,  and  after  30  days  of  growth  the  portion 
of  the  plants  above  the  ground  was  collected  and  dried  at  80  C  for  24 
hours.  This  dry  material  was  ground  in  a  Wiley  mill  and  the  material 
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produced  was  stored  in  glass  vials  at  room  temperature  until  it  was 
used  for  the  assay. 

A  0.25  gm  sample  of  each  of  the  above  was  extracted  with 
10  ml  of  0.01  NaOH  and  0.60  ml  of  each  extract  was  used  as  the  test 
material  in  the  niacin  assay,  following  the  procedure  of  the  Difco 
Manual  (Anonymous,  1966).  The  assay  was  conducted  using  Lactobacillus 
plantar urn  as  the  test  organism. 

The  titration  method  of  determining  the  niacin  content  was 
used.  A  radiometer-titrator  (TTT  lb.  Can  Lab)  was  used,  titrating  to 
an  end  pH  of  8.5. 

A  standard  curve  was  drawn,  using  known  amounts  of  niacin, 
and  the  amount  of  niacin  in  the  test  material  was  estimated  from 
this  curve. 

7.  Analysis  of  Pathogenicity 

Pathogenicity  was  recorded  in  selfed  mutants  by  the  presence 
(+)  or  absence  (-)  of  teliospores.  For  the  group  having  multiple 
requirements  a  percentage  of  pathogenicity  was  determined  as  follows: 

the  number  of  smutted  planted  x  100. 
the  total  number  of  plants 

A  pathogenicity  index  (P-j^  to  allow  a  comparison  of  the 
pathogenicity  of  each  multiple  auxotroph  (having  more  than  one 
nutrient  requirement)  on  each  barley  variety  with  that  of  the  same 
auxotroph  on  Brandon  7440  was  calculated  by  dividing  the  percentage 
of  pathogenicity  on  that  variety  by  the  percentage  on  Brandon  7440. 
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A  second  pathogenicity  index  (P2)  to  allow  a  comparison  of  the 
pathogenicity  of  different  dicaryons  on  a  particular  variety  of  barley 
was  calculated  by  dividing  the  percentage  of  pathogenicity  in  that 
inoculation  by  the  lowest  percentage  of  pathogenicity,  excluding  non- 
pathogenic  examples,  found  on  that  variety, 

8.  Cloning  and  Identification  of  Parasites 

To  verify  that  the  mutants  which  were  used  in  the  infections 
were  present  in  the  resultant  teliospores  many  clones  were  analyzed  for 
the  nutritional  requirements  of  the  sporidia  produced  from  the  teliospores 
(40%  of  the  dicaryons  which  were  used). 

This  analysis  was  carried  out  by  putting  teliospores  of  the 
clone  being  checked  in  complete  liquid  medium  and  culturing  the 
resultant  sporidia  for  24  -  48  hours  in  a  New  Brunswick  shaker -incubator 
at  23°  C.  The  medium  contained  50  units/ml  of  each  of  penicillin  and 
streptomycin  to  control  contaminants,  A  sporidial  count  was  carried 
out  with  a  Spencer  hemacytometer  and  the  culture  was  diluted  with 
sterile  distilled  water  to  a  count  of  fewer  than  1,000  sporidia  per  ml. 

The  sporidia  were  then  plated  by  placing  0,1  ml  of  the  diluted  culture 
on  complete  agar  medium  in  petri  dishes  and  spreading  it  with  a  sterile 
bent  glass  rod.  These  plates  were  cultured  for  three  days  and  colonies 
representing  growth  from  single  sporidia  were  transferred  to  another 
complete  plate.  Not  more  than  20  colonies  were  transferred  to  each 
plate.  These  were  then  replicated  with  a  velvet  replicator  to  plates 
with  test  agar  media.  The  test  plates  included  (a)  one  with  complete 
medium,  (b)  one  with  minimal  medium  and  (c)  one  for  each  supplemented 
medium  which  was  needed  to  identify  the  different  sporidial  types 
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expected.  For  example  to  test  V445pan/X95nia  replications  were  made 
to  (a)  a  plate  of  complete  medium,  (b)  a  plate  of  minimal  medium, 

(c)  a  plate  of  minimal  medium  supplemented  with  pantothenic  acid, 

(d)  a  plate  of  minimal  medium  supplemented  with  niacin,  (e)  a  plate 
of  minimal  medium  supplemented  both  with  pantothenic  acid  and  niacin. 
These  plates  were  incubated  at  23°  C  and  "read"  after  three  days  and 
"reread"  after  seven  days.  If  the  replicated  colony  grew  on  a 
particular  plate  it  was  considered  that  the  medium  in  the  plate 
supplied  the  nutrients  which  it  required.  In  the  above  example 
colonies  could  be  identified  as  wild  type  (growing  on  all  plates), 
pantothenic  acid  requiring  (growing  on  (a),  (c)  and  (e)),  niacin 
requiring  (growing  on  (a),  (d)  and  (e))  and  requiring  both  niacin 
and  pantothenic  acid  (growing  on  (a)  and  (e)).  In  some  cases  several 
hundred  colonies  were  tested,  but  the  minimum  number  was  16.  Each 
colony  was  checked  for  mating  type. 
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RESULTS 


1.  General 

The  general  results  of  the  pathogenicity  tests  for  1965  and 
1966  are  summarized  in  Appendices  I  and  II.  Tables  I,  II,  III  and  IV 
summarize  the  pathogenicity  of  homocaryons  (having  the  gene  determining 
each  of  one  or  more  biochemical  deficiencies  present  in  each  nucleus) 
in  the  field  in  1965  or  1966  or  in  the  greenhouse  in  1967.  Pathogenicity 
as  shown  in  Tables  I  and  II  is  on  either  Hannchen  or  Vantage  barley, 
and  in  Table  III  on  at  least  one  of  Hannchen,  Vantage,  Odessa,  Parkland 
or  Brandon  7440.  The  symbols  (+)  and  (-)  simply  indicate  whether  or 
not  diseased  plants,  as  evidenced  by  the  presence  of  teliospores,  were 
present. 

The  tests  of  the  pathogenicity  of  selfed  mutants  (or  homocaryons), 

1. e.  dicaryons  carrying  in  each  nucleus  the  same  gene  for  a  nutritional 
requirement ,  were  expected  to  show  whether  some,  all  or  none  of  such 
dicaryons  were  capable  of  pathogenicity  and  whether  there  was  any 
pattern  discernible  in  the  results.  The  results  are  arranged  on  the 
basis  of  nutritional  requirements  of  the  auxotrophs  in  three  major  groups, 
viz.  those  requiring  a  vitamin,  those  requiring  adenine  and  those 
requiring  an  amino  acid  for  the  in  vitro  growth  of  their  sporidia. 

2.  Vitamin-requiring  Auxotrophs 

(a)  The  homocaryon  V338chol/v338chol  produced  smut  on  a  single 


plant  (Table  II). 
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Table  I.  Pathogenicity  of  homocar yons  in  the  field  -  1965 


Genotype  of  pathogen^- 

Pathogenic ity2 

U7ad/U7ad 

- 

U40ad/U40ad 

•  - 

U17ad/U17ad 

- 

X29ad/X29ad 

- 

X137ad/X137ad 

- 

U2  5me  t  /U2  5me  t 

- 

U381eu/U381eu 

+ 

U29nia/U29nia 

+ 

XIOOnia/xiOOnia 

- 

X52arg/X52arg 

— 

1  Genes  shown  as  (+)  if  wild  type  or  by  Hood's  numbers  and 
followed  by  the  biochemical  requirement.  The  oblique  line 
(/)  separates  the  genes  of  the  two  nuclei. 

2  (+)  indicates  pathogenicity,  (-)  indicates  a  lack  of 

pathogenicity. 


(b)  Hie  homocaryons  V198inos/vi98inos  and  V256inos/v256inos 
produced  smut  both  in  the  field  and  in  the  greenhouse  but  V196inos/ 
V196inos  and  V406inos/V406inos  did  not  (Tables  II  and  IV). 

(c)  The  homocaryon  U29nia/U29nia  produced  smut  both  years  in 
the  field  but  X100/X100  did  not  (Tables  I,  II  and  III). 
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Table  II.  Pathogenicity  of  homocar yons  in  the  field  -  1966 


Genotype  of  pathogen 


1 


Pathogenicity^ 


V338chol/v338chol 

V196inos/vi96inos 
V19  8inos /V19  8inos 
V256inos/V256inos 
V406inos /V406inos 

U29nia/lJ29nia 


V52pan/V52pan 

V292pan/V292pan 

V346pan/V346pan 

V359pan/V359pan 


V26pyr/V26pyr 

V203pyr/V203pyr 

V210pyr/V210pyr 

V299pyr/V299pyr 

V388pyr/V388pyr 

U7ad/lJ7ad 

V175ad/V175ad 

V217ad/V217ad 

V288ad/V288ad 

V443ad/v443ad 


V240arg/V240arg 

V242arg/V242arg 

V393arg/V393arg 

V423arg/V423arg 

Vlllhis/villhis 

V426his/V426his 

V466his/V466his 

V469his/V469his 


V13iso/vi3iso 
V174iso/vi74iso 
V449 isoval/v449 isoval 
V453isoval/v453isoval 

V3941eu/V3941eu 

V4171eu/V4171eu 

V4191eu/V4191eu 

V931ys/V931ys 

V3291ys/V3291ys 

V3451ys/v3431ys 

V4331ys/V4331ys 


+3 


+ 

+ 


+ 

+ 

+ 

JL 

i 

+ 

+ 


+ 


+3 
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Table  II  -  continued 


Genotype  of  pathogen^ 

Pathogenic it v1 2 3 4 

V455met/v455met 

V158met/V158met 

- 

V166met/vi66met 

+ 

V241met/V241met 

+ 

V2  74me  t /v2  74me  t 

- 

V319met/V319met 

- 

V336met/V336met 

- 

V364met/V364met 

- 

V370met/V370met 

- 

V324pro /V324pro 

+3 

V335pro/v335pro 

— 

V5ser/V5ser 

- 

V451ser/V451ser 

- 

V138ser/V138ser 

1  Genes  shown  as  (+)  if  wild  type  or  by  Hood's  numbers  and 
followed  by  the  biochemical  requirement.  The  oblique  line 
(/)  separates  the  genes  of  the  two  nuclei. 

2  (+)  indicates  pathogenicity,  (-)  indicates  a  lack  of 
pathogenic ity. 

3  A  single  plant. 


Table  III.  Pathogenicity  of  double  homocaryons  in  the  field  -  1966 


Genotype  of  pathogen^- 

Pathogenicity2 

U7adX95nia/lJ7adX95nia 

- 

U25metX58arg/U25metX58arg 

- 

U29niaU51arg/lJ29niaU51arg 

+ 

X52argU381eu/X52argU381eu 

+ 

X58argU381eu/X58argU381eu 

- 

U29niaU43ser/U29niaU43ser 

+ 

U29niaU51arg+/u29nia+u43ser4 

+ 

1  Genes  shown  as  (+)  if  wild  type  or  by  Hood's  numbers  and  followed 
by  the  biochemical  requirement.  The  oblique  line  (/)  separates 
the  genes  of  the  two  nuclei. 

2  (+)  indicates  pathogenicity,  (-)  indicates  a  lack  of  pathogenicity. 

3  Barley  varieties  used  were  Hannchen,  Vantage,  Odessa,  Parkland  and 

Brandon  7440. 

4  Homocaryotic  for  U29 ,  he terocaryotic  for  051,  U43. 
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Table  IV.  Pathogenicity  of  homocaryons  in  the  greenhouse  -  1967 


Genotype  of  pathogen 


1 


_ Pathogenicity  on  barley  varieties 

Odessa  Hannchen  Lion  Brandon  7440 


2,3 _ 

Parkland 


V196inos/vi96inos 

V198inos/vi98inos 

V256inos/v256inos 

V52pan/V52pan 

V292pan/V292pan 

V346pan/V346pan 

V26pyr/V26pyr 

V203pyr/V203pyr 

V210pyr/V210pyr 

V388pyr /V388pyr 

V175ad/V175ad 

V201ad/V201ad 

V217ad/V217ad 

V288ad/V288ad 

V443ad/v443ad 

V240arg/V240arg 

V242arg/V242arg 

V261arg/V261arg 

V400arg/v400arg 

Vlllhis /villhis 

V426his/V426his 

V13iso/vi3iso 

V174iso/vi74iso 

V377isoval/v377isoval 

V426isoval/v426isoval 

V453isoval/v453isoval 

V55met/V55met 

V158met/V158met 

V166me t/vi66met 

V241met/V241me t 

V274met/V2 74met 

V336met/V336met 

V364met/V364met 

V370met/V370met 

V319met/V319met 

V5ser/V5ser 

V138ser/vi38ser 

V451ser /v451ser 


+ 

+ 

+ 

+ 


+ 

+ 

+ 


+ 

+ 

+ 


+ 


+ 

+ 


1  Genes  shown  as  (+)  if  wild  type  or  by  Hood-s  numbers  and  followed 
by  the  biochemical  requirement.  The  oblique  line  (/)  separates 
the  genes  of  the  two  nuclei. 

2  (+)  indicates  pathogenicity,  (-)  indicates  a  lack  of  pathogenicity. 


\  v<  •  • 

■  i'  :v 


-19- 


(d)  All  of  the  homocar yons  carrying  a  specific  gene  for  a 
pantothenic  acid  requirement  in  each  nucleus  produced  smut  in  the 
field,  but  only  V292pa.n/V292pan  did  so  in  the  greenhouse  (Tables  XI 
and  XV ) . 

(e)  All  of  the  pyridoxine  auxotrophs  tested  produced  smut 
though  V203pyr/V20.3pyr  did  so  only  in  the  greenhouse  (Tables  XI  and 
IV).  This  may  indicate  that  the  threshold  level  of  pyridoxine  at  the 
critical  stage  for  this  mutant  was  reached  only  in  the  greenhouse. 

3.  Adenine "requiring  Auxotrophs 

None  of  the  dicaryons  with  the  same  gene  for  an  adenine 
requirement  in  each  nucleus  produced  smut  (Tables  I,  II,  III  and  IV). 

4.  Amino -acid -requiring  Auxotrophs 

(a)  The  selfed  auxotrophs  with  a  simple  requirement  for 
arginine,  histidine,  lysine  or  serine  did  not  produce  smut  (Tables  I, 

II  and  IV). 

(b)  Among  the  me thionineless  homoearyons  V166/Vlb6  and  V24l/ 
V241  produced  smut  both  in  the  field  and  in  the  greenhouse  and  V336/ 
V336  did  so  only  in  the  greenhouse  (Tables  I,  II  and  IV). 

(c)  The  isoleucineless  homocaryon  V13iso/vi3iso  produced  smut 
only  in  the  greenhouse  and  only  on  Brandon  7440  while  V453isoval/ 
V453isoval  was  pathogenic  in  the  field  but  not  in  the  greenhouse.  The 
other  homoearyons  with  a  requirement  for  isoleucine  or  for  both 
isoleucine  and  valine  were  nonpathogenic  (Tables  II  and  IV,). 
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(d)  Among  the  leucineless  homocaryons  U38/U38  and  V419/V419 
were  pathogenic  and  V394/V394  and  V417/V417  were  nonpathogenic  (Tables  I, 
II  and  IV). 

(e)  The  homocaryons  V335pro/v335pro  produced  no  smut  whereas 
V324pro/v324pro  produced  smut  on  a  single  plant  (Table  II). 

(f)  The  homocaryons  U29niaU51arg/U29niaU51arg ,  U52argU381eu/ 
U52argU381eu  and  U29niaU43ser/lJ29niaU43ser  produced  smut,  a  result 
that  was  quite  unexpected  in  view  of  the  results  described  in  (4  (a)) 
above (Table  III). 

5.  Host  Supplementation 

There  was  no  observable  difference  in  the  pathogenicity  of 
the  selfed  mutants  between  the  duplicates  in  which  seed  and  foliar 
supplementation  with  the  required  nutrient  was  used  and  those  in  which 
there  was  no  supplementation. 

6.  Pathogenicity  of  X95nia  and  the  Niacin  Assay 

The  auxotroph  X95nia  when  crossed  with  V445pan  or  with 
V198inos  giving  the  heterocaryons  X95+/+V445  and  X95+/+V198  were  very 
virulent  on  Odessa,  Hannchen,  Vantage,  Lion  and  Trebi,  somewhat  less 
virulent  on  Brandon  7440  and  avirulent  on  Conquest.  X95  produced 
virulent  heterocaryons  in  all  other  crosses  (Table  V).  This  implied 
that  a  variation  in  niacin  content  might  occur  from  one  variety  to 
another  and  for  this  reason  a  niacin  assay  was  carried  out,  yielding 
the  results  shown  in  Table  VI.  As  Table  VI  shows,  there  was  little 
varietal  difference  in  the  niacin  content  of  either  the  germinating 


' 


- 


-21- 


Table  V.  Pathogenicity  of  dicaryons  involving  the  mutant  X95nia 


Genotype  of  pathogen-*- 

Bariev  variety 

Pathogenic it 

X95nia+/+U7ad 

Hannchen 

+ 

X95nia+/ +U7ad 

Vantage 

+ 

X95nia+/ +U25met 

Hannchen 

+ 

X95nia+/ +U25met 

Vantage 

+ 

X95nia+/+U381eu 

Hannchen 

+ 

X95nia+/+U381eu 

Vantage 

+ 

X95nia+/ +U29nia 

Hannchen 

+ 

X95nia+/ -i-U29nia 

Vantage 

+ 

X9  5nia+/ +V445pan 

Odessa 

+ 

X95nia+/+V445pan 

Hannchen 

+ 

X95nia+/ +V445pan 

Vantage 

+ 

X95nia+/ +V445pan 

Lion 

+ 

X95nia+/ +V445pan 

Trebi 

+ 

X9  5nia+/ +V445pan 

Conquest 

0 

X95nia+/+V445pan 

Brandon 

+ 

X95nia+/ +V198inos 

Odessa 

+ 

X95nia+/+V198inos 

Hannchen 

+ 

X95nia+/+V198inos 

Vantage 

+ 

X9  5nia+/ +V19  8inos 

Lion 

+ 

X95nia+/+V198inos 

Trebi 

+ 

X95nia+/+V198inos 

Conquest 

0 

X95nia+/+vl98inos 

Brandon 

+ 

X95niaU7ad+/++V22  7 

Hannchen 

(5.7%) 

X9  5niaU7ad+/ ++V22  7 

Vantage 

(8. 67o) 

X9  5niaU7ad+/ ++V22  7 

Odessa 

(44 .4%) 

X95niaU7ad+/ ++V22  7 

Brandon 

(1.4%) 

1  Genes  shown  as  (+)  if  wild  type  or  by  Hood’s  numbers  and 
followed  by  the  biochemical  requirement.  The  oblique  line 
(/)  separates  the  genes  of  the  two  nuclei. 

2  (+)  indicates  pathogenicity,  (-)  indicates  a  lack  of  pathogenicity. 

3  X95niaU7ad  was  crossed  with  several  other  auxotrophs  with  double 
requirements  but  resulted  in  no  smutted  plants  (see  Appendix  II, 
rows  1053-1073). 
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Table  VI.  Results  of  the  niacin  assay  on  barley  varieties 


Variety 

Seed 

vegetative  Darts 

Niacin  content 

M,g/g  dry  weight 

Odessa 

S1 

27 

V2 

42 

Conquest 

S 

49 

V 

42 

Trebi 

s 

29 

V 

42 

Hannchen 

s 

25 

V 

40 

Lion 

s 

29 

V 

46 

Brandon  7440 

s 

32 

V 

44 

S  =  seed 

2  v  =  leaves  and  stems 


seeds  or  the  vegetative  parts  of  the  barley.  The  test  showed  that 
the  germinating  seeds  of  Conquest  barley  contained  more  niacin 
49  (j.g/g  than  the  other  varieties.  The  test  showed  that  Odessa, 

Hannchen,  Lion,  Trebi,  Brandon  7440  and  Conquest  barley  seeds  and 
growing  parts  probably  contain  adequate  niacin  for  the  growth  of 
niacin  auxotrophs  of  U.  horde i. 

7.  Pathogenicity  of  Heterocaryons 

Some  indication  that  certain  combinations  of  requirements 
might  be  optimally  provided  by  a  host  variety  appears  to  be  evident 
in  the  pathogenicity  of  multiple  heterocaryotic  auxotrophs  as  summarized 
in  Table  VII.  This  table  shows  a  great  variation  in  pathogenicity  of 


■ 
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Table  VII.  Pathogenicity  of  he terocaryons 


Type  Genotype  of  pathogen-*- 
no . 


1  V22 7pah++/+U7adX95nia 
V227pan-H-/ +U7adX95nia 
V22  7pan++/ +U7adX95nia 
V227pan++/+U7adX95nia 

2  V22 7pan++/+U29niaU51arg 
V227pan++/+U29niaU51arg 
V227pan++/+U29niaU51arg 
V22  7pan++/ +U29niaU51arg 

3  V22 7pan++/+U25me tX29ad 
V22  7pan++/ +U25me tX29ad 
V22  7pan++/ +U25me tX29ad 
V22  7pan++/ +U25me tX29ad 

4  V227pan++/+X52argU381eu 
V22  7pan++/ +X52argU381eu 
V22  7pan++/ +X52argU381eu 
V22  7pan++/ +X52argU38Ieu 

5  V22 7pan++/+X58argU381eu 
V22  7pan++/ +X58argU381  eu 
V2 2  7pan++/ +X58argU381  eu 
V22 7pan++/ +X58argU381  eu 

6  V22 7pan++/+U25me tX58arg 
V227pan++/ +U25me tX58arg 
V22  7pan++/ -HJ25metX58arg 
V22  7pan++/ +U25me tX58arg 

7  U25metX58arg++/++U29niaU51arg 
U25me tX58arg++/ ++U29niaU51arg 
U25me  tX58arg++/ ++U29niaU5 larg 
U25metX58arg++/++U29niaU51arg 

8  U25me tX58++/ ++X52argU381eu 
U25me tX58++/ ++X52argU381eu 
U25me tX58++/ ++X52argU381eu 
U25metX58++/ ++X52argU381eu 

9  U25me tX58arg+/ +X58argU381eu 
U25metX58arg+/+X58argU381eu 
U25metX58arg+/+X58argU381eu 
U25metX58arg+/+X58argU381eu 


Var ie ty 

Percent 

pathogenicity 

pi 

p2 

Hannchen 

5.7 

4.1 

1.0 

Vantage 

8.6 

6.1 

3.0 

Odessa 

44.4 

31.7 

3.3 

Brandon 

1.4 

1.0 

1.1 

Hannchen 

28.2 

2.3 

4.9 

Vantage 

34.1 

2.7 

11.8 

Odessa 

36.8 

2.9 

2.5 

Brandon 

12.5 

1.0 

9.6 

Hannchen 

45.7 

2.4 

8.0 

Vantage 

64.1 

3.3 

22.1 

Odessa 

76.6 

3.9 

5.7 

Brandon 

19.4 

1.0 

14.9 

Hannchen 

23.8 

1.7 

4.2 

Vantage 

41.7 

3.0 

14.4 

Odessa 

30.8 

2.2 

2.3 

Brandon 

13.9 

1.0 

10.7 

Hannchen 

42.9 

00 

• 

7.5 

Vantage 

15.8 

2.9 

5.4 

Odessa 

59.7 

10.9 

4.4 

Brandon 

5.5 

1.0 

4.0 

Hannchen 

20.0 

3.6 

3.5 

Vantage 

25.7 

4.7 

8.9 

Odessa 

14.3 

2.6 

1.1 

Brandon 

5.5 

1.0 

4.2 

Hannchen 

39.6 

2.0 

6.9 

Vantage 

60.0 

3.0 

20.7 

Odessa 

50.0 

2.5 

3.7 

Brandon 

19.7 

1.0 

15.2 

Hannchen 

23.8 

1.4 

4.2 

Vantage 

35.8 

2.2 

12.3 

Odessa 

13.5 

0.8 

1.0 

Brandon 

16.6 

1.0 

12.8 

Hannchen 

30.7 

1.5 

5.4 

Vantage 

46.5 

2.3 

16.0 

Odessa 

15.3 

0.8 

1.1 

Brandon 

20.0 

1.0 

15.4 

. 
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Table  VII  -  continued 


Type  Genotype  of  pathogen-*-  Variety  Percent  P^  P2 

no. _ ; _  pathogenicity _ 


10  U25metX58arg+/lJ25met+X29ad 
U25me tX58arg+/U25met+X29ad 
U25metX58arg-’r/U25me  t+X29ad 
U25metX58arg+/lJ25met+X29ad 

11  U25metX58arg++/++U29niaX43ser 
U25metX58arg++/++U29niaX43ser 
U2  5me  tX5  8ar  g-H-/++U29  n  iaX4  3  s  e  r 
U25metX58arg-H-/ -M-U29niaX43ser 

12  U29niaU51arg/lJ29niaU51arg 
U29niaU51arg/U29niaU51arg 
U29niaU51arg/U29niaU51arg 
U29niaU51arg/u29niaIJ51arg 

13  U29niaU51arg-H-/ ++X52argU381eu 
U29niaU51arg++/ -H-X52argU381eu 
U29niaU51arg-M-/ -H-X52argU381eu 
U29niaU51arg-H-/ ++X52argU381eu 

14  U29niaU51arg-H-/++X58argU3l81eu 
U29niaU51arg-H-/ -H-X58argU381eu 
U29niaU5  larg-H-/ ++X58argU381eu 
U29niaU51arg-H-/ -H-X58argU381eu 

15  U29niaU51arg++/-H-U25me  tX29ad 
U29  niaU5  larg-H-/ +-HJ25me  tX29ad 
U29niaU51 ar  g++/ ++U2  5me  tX2  9  a  d 
U2  9  niaU5  larg++/  +-HJ25me  tX29ad 

16  U29niaU51arg+/lJ29nia+X43ser 
U29niaU51arg-:-/u29nia+X43ser 
U29niaU51arg+/U29nia+X43ser 
U29niaU51arg+/lJ29nia+X43ser 

17  X52argU381eu+/X52arg+U391eu 
X52argU381eu+/X52arg+U39 leu 
X52argU381eu+/x52arg+U391eu 
X52argU381eu+/X52arg+U39 leu 

18  X52argU381eu+/+U381euX58arg 
X52argU381eu+/ -HJ381euX58arg 
X52argU381eu+/u381euX58arg 
X52argU381eu+/-i-U381euX58arg 


Hannchen 

0 

- 

0 

Vantage 

0 

- 

0 

Odessa 

0 

- 

0 

Brandon 

0 

— 

0 

Hannchen 

30.6 

3.3 

5.4 

Vantage 

27.8 

3.0 

9.6 

Odessa 

15.9 

1.7 

1.2 

Brandon 

9.2 

1.0 

7.1 

Hannchen 

8.3 

1.2 

1.5 

Vantage 

2.9 

0.4 

1.0 

Parkland 

0.0 

0.0 

0.0 

Brandon 

7.0 

1.0 

5.4 

Hannchen 

8.3 

6.4 

1.5 

Vantage 

21.1 

16.2 

7.3 

Parkland 

2.6 

2.0 

2.0 

Brandon 

1.3 

1.0 

1.0 

Hannchen 

31.4 

3.4 

5.5 

Vantage 

25.0 

2.7 

8.6 

Parkland 

1.3 

0.1 

1.0 

Brandon 

9.3 

1.0 

7.2 

Hannchen 

11.1 

1.2 

1.9 

Vantage 

17.6 

1.8 

6.1 

Parkland 

1.3 

0.1 

1.0 

Brandon 

9.6 

1.0 

7.4 

Hannchen 

5.7 

1.1 

1.0 

Vantage 

2.9 

0.5 

1.0 

Parkland 

0.0 

0.0 

0.0 

Brandon 

5.3 

1.0 

4.1 

Hannchen 

12.1 

1.0 

2.1 

Vantage 

26.5 

2.2 

9.1 

Parkland 

0.0 

0.0 

0.0 

Brandon 

12.2 

1.0 

9.4 

Hannchen 

52.2 

2.4 

9.2 

Vantage 

52.6 

2.4 

18.1 

Parkland 

1.4 

0.1 

1.1 

Brandon 

21.6 

1.0 

16. 6 

• 

Table  VII  -  continued 


Type  Genotype  of  pathogen^  Variety  Percent  P^  P2 

no, pathogenicity 


19  X52  ar  gU3  8  le  U-H-/-H-U2  5me  tX29  ad 
X52argU381eu-H-/ ++U25me tX29ad 
X52argU381eu-r+/  -H-U25me  tX29ad 
X52argU381eu-H-/-H-U25metX29ad 

20  X52argU381eu++/++U29niaX43ser 
X52argU381eu-H-/-f+U29niaX43ser 
X52argU381eu-!-t/++U29niaX43ser 
X52argU381eu++/++U29niaX43ser 

21  X58argU381eu/X58argU381eu 
X58argU381eu/X58argU381eu 
X58argU381eu/X58argU381eu 
X58argU381eu/X58argU381eu 

22  X58argU381eu++/ +-HJ25me  tX29ad 
X58argU381eu++/ -H-U25raetX29ad 
X58argU381eu-H-/ ++U2  5me  tX29  ad 
X5 8ar gU3  8 le  U++/++U2  5me  tX2 9  ad 

23  X58argU381eu+-*-/ ++U29niaX43ser 
X58argU381eu+-l-/-i--HJ29niaX43ser 
X58argU381eu-H-/  ++U29niaX43ser 
X58argU381eu++/ ++U29niaX43ser 

24  U29niaX43ser++/-H-U25metX29ad 
U2  9  niaX4 3  s  e  r ++ /++ U2 5me  tX2  9  a  d 
U29niaX43ser++/ ++U25me tX29ad 
U29niaX43ser++/-H-U25metX29ad 

25  U29niaX43ser/u29niaX43ser 
U29niaX43ser/U29niaX43ser 
U29niaX43ser/u29niaX43ser 
U29niaX43ser/U29niaX43ser 


Hannchen 

32.5 

2.2 

5.7 

Vantage 

47.5 

3.3 

16.4 

Parkland 

5.3 

0.4 

4.1 

Brandon 

14.5 

1.0 

11.2 

Hannchen 

36.4 

2.4 

6.4 

Vantage 

47.5 

3.2 

16.4 

Parkland 

2.6 

0.2 

2.0 

Brandon 

14.9 

1.0 

11.5 

Hannchen 

0.0 

Vantage 

0.0 

- 

- 

Parkland 

0.0 

- 

- 

Brandon 

0.0 

— 

Hannchen 

21.1 

1.2 

3.7 

Vantage 

33.3 

1.9 

11.5 

Parkland 

5.9 

0.3 

4.5 

Brandon 

17.1 

1.0 

13.2 

Hannchen 

29.7 

1.2 

5.2 

Vantage 

47.2 

1.8 

16.3 

Parkland 

4.0 

0.2 

3.1 

Brandon 

25.7 

1.0 

19.8 

Hannchen 

14.3 

10.2 

2.5 

Vantage 

19.0 

13.6 

6. 6 

Parkland 

0.0 

- 

- 

Brandon 

1.4 

1.0 

1.1 

Hannchen 

3.2 

- 

0.6 

Vantage 

6.1 

- 

2.1 

Parkland 

0.0 

— 

- 

Brandon 

0.0 

- 

- 

1  Genes  shown  as  (+)  if  wild  type  or  by  Hood's  numbers  and  followed 
by  the  biochemical  requirement.  The  oblique  line  (/)  separates  the 
genes  of  the  two  nuclei. 

2  Pi  was  determined  by  dividing  the  percentage  of  pathogenicity  of  each 
variety  by  the  percentage  of  pathogenicity  of  Brandon  for  that  cross. 

2  P9  was  determined  by  dividing  the  percentage  of  pathogenicity  for  the 
variety  by  the  following:  Hannchen  -  5.7;  Vantage  -  2.9;  Odessa  - 
13.5;  Parkland  -  1.3;  Brandon  -  1.3. 
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a  particular  heterocaryon  on  different  varieties  and  of  different 
heterocaryons  on  a  particular  variety. 

Index  P-^  compares  pathogenicity  on  other  varieties  to  that 
obtained  on  Brandon  7440,  which  is  given  a  value  of  1.  An  examination 
of  the  Pfvalues  in  Table  VII  shows  that  the  pathogenicity  on  the 
variety  Parkland  is  lower  than  that  on  any  other  variety  tested,  except 
in  the  heterocaryon  U29U51++/++X52U38.  With  this  particular  heterocaryon 
pathogenicity  on  Parkland  is  double  that  on  Brandon  7440,  but  pathogenicity 
is  in  this  instance  low  on  these  varieties. 

The  pathogenicity  of  the  heterocaryons  with  multiple  require¬ 
ments  is  similar  on  Hannchen  and  Vantage  in  many  cases  but  is  markedly 
higher  on  Vantage  with  11  heterocaryons  and  markedly  higher  on  Hannchen 
with  four  heterocaryons.  The  pathogenicity  of  most  heterocaryons  was 
higher  on  Odessa  than  on  Hannchen  or  Vantage  but  in  two  cases  it  is 
higher  on  Vantage  alone  than  on  Odessa  and  in  four  cases  it  is  higher 
on  both  Hannchen  and  Vantage  than  on  Odessa.  The  pathogenicity  is 
slightly  lower  on  Odessa  than  on  Brandon  7440  in  two  cases  but  higher 
in  all  others.  Similarly  pathogenicity  on  Vantage  is  lower  than  that 
on  Brandon  7440  in  two  cases  but  on  Hannchen  it  is  not  less  than  that 
on  Brandon  7440  in  any  case. 

The  range  of  variation  in  the  pathogenicities  of  different 
heterocaryons  on  a  variety,  compared  to  that  on  Brandon  7440  set  at 
1.0  (P^)  is  from  1.0  to  10.2  on  Hannchen,  from  0.4  to  16.2  on  Vantage, 
from  0.8  to  31.7  on  Odessa  and  from  0.0  to  2.0  on  Parkland  (Table  VII). 


' 
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From  a  study  of  index  P2 ,  which  relates  the  pathogenicities 
obtained  on  any  one  variety  to  the  lowest  percentage  other  than  zero 
recorded  for  that  variety,  it  can  be  seen  that  the  range  of  pathogenicities 
for  different  he terocaryons  is  considerable  on  each  variety.  The  P2 
values  range  from  1.0  to  9.2  for  Hannchen,  from  1.0  to  22.1  for  Vantage, 
from  1.0  to  5.7  for  Odessa,  from  1.0  to  4.5  for  Parkland  and  from  1.0 
to  19.8  for  Brandon  7440. 

8.  Cloning  and  Identification  of  Parasites 

In  all  of  those  cases  where  barley  was  infected  with  auxotrophs 
and  the  teliospores  were  analysed  the  sporidial  colonies  recovered 
included  the  expected  auxotrophs.  Few  consistent  linkages  were  proven 
except  in  the  case  of  some  pantothenic  acid  requiring  and  some  proline 
requiring  mutants  which  were  closely  linked  to  the  mating  locus. 
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DISCUS  SION 


1.  Pathogenicity  of  Homocaryons 

When  two  haploids  with  the  same  mutant  alleles  are  mated  a 
homocaryon  is  formed,  which  probably  would  have  the  same  deficiency 
or  growth  requirement.  Though  with  present  techniques  and  in  the  case 
of  a  obligately  parasitic  homocaryon  it  is  not  possible  to  prove  this, 
for  this  discussion,  it  will  be  assumed  that  the  homocaryon  has  the 
same  biochemical  requirements  as  the  haploids  from  which  it  was 
produced. 


The  groups  of  homocaryons  having  the  same  specific  deficiencies 
(for  a  particular  vitamin,  amino  acid  or  base)  may  be  placed  in  three 
categories : 

(a)  Those  specific  deficiencies,  the  homocaryons  of  which  were 
pathogenic  for  every  mutant  studied 

(b)  Those  specific  deficiencies,  the  homocaryons  of  which  were  not 
pathogenic  in  any  of  the  mutants  studied 

(c)  Those  specific  deficiencies,  the  homocaryons  of  which  in  some 
instances  were,  and  in  others  were  not,  pathogenic. 

The  position  of  a  def iciency-type  might  shift  from  one  category  to 
another  as  a  result  of  future  studies  of  further  homocaryons. 

The  simplest  hypothesis  to  explain  the  first  two  categories 
is  that  pathogenicity  depends  upon  the  nutrition  of  the  parasite.  The 
needed  metabolite  must  have  been  supplied  by  the  host  at  all  stages  of 
the  parasitic  cycle  in  amounts  both  adequate  and  in  proper  balance  with 
other  metabolites  to  meet  the  needs  of  the  particular  homocaryon.  In 
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the  second  category  the  required  metabolite  must  have  been  supplied  in 
less  than  adequate  amounts  or  in  unsatisfactory  proportions;,  at  least 
at  a  critical  stage  or  stages  in  the  development  of  the  parasite. 

If  this  nutritionally  based  hypothesis  is  valid  it  should 
be  applicable  in  the  third  category,  in  which  case  some  of  the  mutant 
homocaryons  must  have  a  higher  requirement  for  the  needed  metabolite, 
than  have  others,  with  these  higher  requirement  levels  not  being  met 
by  the  host,  or  those  mutants  which  were  pathogenic  may  form  homocaryons 
capable  of  growth  on  alternate  metabolites  and  these  must  have  been 
supplied  in  adequate  amounts  by  the  host.  Where  the  supply  of  a 
metabolite  is  marginal  or  highly  variable,  environmental  conditions 
might  alter  pathogenicity.  The  adequacy  of  the  supply  of  a  metabolite 
will  depend  upon  the  turnover  rate  as  well  as  the  absolute  level  of 
that  supply  and  will  be  most  important  at  critical  stages  and  locations 
in  the  developing  host  parasite  complex. 

Some  of  the  homocaryons  in  each  vitamin-requiring  group 
produced  smut  when  selfed.  According  to  the  nutrition-based  hypothesis 
this  would  indicate  that  the  host  supplies  enough  of  the  needed 
metabolite  for  the  growth  of  these  vitamin  auxotrophs.  Environmental 
conditions  seem  to  have  influenced  the  level  of  available  vitamins  in 

the  host. 

The  cholineless  homocaryon,  V338/V338  appears  to  represent 
a  case  in  which  the  host  supply  of  the  requirements  (choline  or 
methionine)  may  be  marginal  and  that  it  was  only  in  one  plant  that  the 
threshold  levels  required  by  the  parasite  were  maintained  throughout 

A  similar  explanation  may  be  given  for  inositolless 
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mutants.  The  two  which  produced  smut  in  both  the  field  and  greenhouse 
tests  may  have  a  lower  inositol  requirement  than  the  two  which  produced 
smut  in  neither  test,  with  the  host  supplying  enough  inositol  only  in 
the  former  group.  It  should  be  noted  here  that  a  failure  to  form  a 
dicaryon  or  an  inability  of  the  dicaryon  to  infect  the  host,  in  the 
latter  group,  would  also  explain  the  lack  of  pathogenicity. 

Evidence  that  environmental  differences  may  influence  the 
level  of  nutrient  supply  and  thus  the  response  of  auxotrophs ,  is 
shown  in  the  behavior  of  the  pantothenic  acid-requiring  mutants,  V52 
and  V346,  which,  as  homocaryons,  produced  smut  in  the  field  but  not 
in  the  greenhouse.  This  could  be  explained  on  the  basis  that  there  was 
a  greater  supply  of  the  vitamin  in  the  field  grown  plants.  The  supply 
of  pantothenic  acid  in  these  barley  plants  seems  to  be  adequate  for 
the  growth  of  pantothenic  acid  auxotrophs.  Pollack  (in  Cook,  1962) 
suggested  that  the  embryo  was  the  site  of  pantothenic  acid  synthesis, 
since  barley  rootlets  contained  2  7  pg/g  compared  to  4.4  pg/gm  of 
pantothenic  acid  in  malt,  and  adequate  amounts  of  this  vitamin  are 
probably  available  to  the  parasite.  The  results  with  the  pyridoxine 
group  were  similar,  in  that  V203  produced  smut  only  in  the  greenhouse. 

This  suggests  adequate  levels  of  pyridoxine  are  usually  available  but 
that  in  this  case  the  environment  in  the  field  reduced  it  below  the 
threshold  level  necessary,  at  some  point,  in  the  development  of  the 
homocaryon  V203/V203. 

The  niacinless  homocaryon  U29nia/U29nia  produced  smut  in  the 
field  but  the  homocaryon  XIOOnia/xiOOnia  did  not.  The  niacin  he terocaryons 
involving  X95nia  were  highly  virulent  but  it  was  not  tested  as  a  homocaryon. 


' 


-31- 


The  niacin  assay  indicated  considerable  amounts  of  niacin  in  the  barley 
varieties  tested.  Unless  some  of  the  niacin  measured  in  the  assay  was 
released  from  unavailable  forms  in  the  extraction  process  or  an  untested 
critical  period  is  involved  a  limiting  amount  of  niacin  is  not  a 
suitable  explanation  for  the  lack  of  pathogenicity  of  XIOOnia/xiOOnia. 

The  production  of  smut  symptoms  by  auxotrophs  requiring  each 
of  the  vitamins  choline,  inositol,  niacin,  pantothenic  acid  and 
pyridoxine  indicates  that  the  barley  host  supplies  enough  of  these 
vitamins  for  the  development  of  smut  by  some  auxotrophs  requiring  each 
vitamin  but  that  the  supply  is  influenced  by  environmental  conditions 
and  may,  in  some  cases,  be  marginal. 

Since  none  of  the  adenine  less  homocaryons  was  pathogenic  it 
is  indicated  according  to  the  nutrition -based  hypothesis  that  there 
was  an  inadequate  supply  of  this  base  available  from  the  host  for  the 
growth  of  the  parasite. 

Since  the  homocaryons  requiring  arginine,  histidine,  lysine 
and  serine  did  not  produce  smut,  it  is  probable  that  the  host,  at 
least  for  a  critical  period,  supplied  less  of  these  nutrients  than  the 
fungus  required.  The  supply  of  free  arginine,  histidine  and  lysine 
has  been,  in  fact,  shown  to  be  very  low  for  the  first  few  days  of 
germination  in  the  embryos  of  at  least  one  variety  of  barley,  Spratt 
Archer  (Folkes  and  Yemm,  1958).  As  indicated  by  the  graphs  in  their 
report  the  free  arginine  content  was  less  than  0.01  mg  of  arginine 
nitrogen  per  100  seedlings,  and  values  for  histidine  and  lysine  were 
only  slightly  higher.  They  did  not  measure  the  serine  content.  These 
facts  support  the  hypothesis  that  a  limited  supply  of  these  amino 
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acids  is  responsible  for  the  inability  of  the  homocaryons  requiring 
them  to  produce  smut. 

Since  the  prolineless  homocaryons  produced  smut  on  only  one 
plant  and  since  Folkes  and  Yemm  (1958)  reported  free  proline  levels 
as  low  as  those  for  arginine,  it  is  again  probable  that,  except  in  one 
plant,  the  limited  supply  of  the  amino  acid  in  the  early  embryo  limited 
the  pathogenicity  of  these  auxotrophs. 

The  three  methionineless  homocaryons  which  were  pathogenic 
were  capable  of  growth  as  haploids  on  an  alternate  nutrient:  V166 
to  a  limited  extent  on  either  homoserine  or  homocysteine;  V241  on 
thiosulfate  or  cysteine  and  V336  on  cystathione  (Hood,  1966).  The 
lack  of  pathogenicity  of  the  remainder  are  explainable  by  the  hypothesis 
of  limited  supply  of  the  required  nutrient.  Further  evidence  to  support 
the  hypothesis  is  provided  by  the  work  of  Miller  (1965)  in  which  he 
reported  levels  of  methionine  too  low  to  be  measured  accurately  in 
germinating  barley  seeds. 

Among  the  auxotrophic  homocaryons  requiring  isoleucine  or 
both  isoleucine  and  valine 3  environmental  conditions  seem  to  be 
important  to  their  virulence  since  V13iso/vi3iso  produced  smut  only 
in  the  greenhouse  and  V453isoval/v453isoval  only  in  the  field.  Since 
the  former  produced  smut  only  on  Brandon  7440  this  may  have  been  due 
to  the  availability  of  isoleucine  from  th-is  host  variety  being  higher 
than  from  other  varieties.  The  balance  of  isoleucine  to  valine 


available  has  been  shown  to  be  of  importance  to  the  growth  of  some 
organisms  (Hoods  1966;  and  Wagner  and  Borquist,  1960)  and  may  be  a 
factor  contributing  to  this  "environmental”  variation. 
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Since  two  of  the  leucineless  homocaryons  produced  smut  it 
is  probable  according  to  the  nutrition-based  hypothesis  that  these 
may  have  a  lower  leucine  requirement  than  the  others,  or  that  the 
amount  of  leucine  available  from  the  host  is  marginal  and  that  the 
threshold  of  the  requirements  of  these  auxotrophs  was  exceeded  in 
only  a  few  plants. 

In  the  three  categories,  as  discussed  above,  the  hypothesis 
that  the  pathogenicity  of  biochemically  auxotrophic  homocaryons  of 
U.  hordei  is  dependent  upon  the  supply  of  the  required  nutrilite  being 
available  to  the  parasite  from  the  host  seems  to  be  satisfactory  as  a 
provisional  explanation  of  the  data.  This  supply  most  often  meets  the 
requirements  of  the  vitamin -requiring  auxotrophs,  particularly  those 
which  require  pantothenic  acid  and  pyridoxine;  it  did  not  meet  the 
requirements  of  any  of  those  which  were  adenineless,  nor  of  several  of 
the  groups  of  amino  acid  requiring  auxotrophs,  for  example,  arginine, 
histidine,  lysine  and  serine.  In  the  remaining  amino -acid -requiring 
homocaryons,  levels  of  nutrilite  supply  alone  do  not  explain  the 
variability  in  pathogenicity,  but  levels  of  requirement,  alternate 
nutrilites  and  nutrilite  ratios  or  other  factors  must  be  invoked  to 
explain  the  differences.  These  facts  support  the  hypothesis  that  the 
three  categories  of  the  pathogenicity  of  auxotrophic  homocaryons  have 
their  basis  in  nutritional  differences. 

2 .  Host  Supplementation 

The  results  of  host  supplementation  with  the  required 
metabolite  should  be  explainable  by  the  nutrition-based  hypothesis. 
Considering  this  hypothesis  and  the  fact  that  the  addition,  by  dusting 
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the  seeds  and  foliar  sprays  with  the  nutrient  required  by  the  horaocaryotic 
parasite  did  not  result  in  increased  pathogenicity,  the  proper  level  and 
balance  of  metabolites  must  not  have  been  achieved.  This  may  have  been 
due  to  the  methods  used  failing  to  result  in  an  adequate  availability  of 
the  nutrient,  particularly  at  critical  periods. 

3.  Pathogenicity  of  Heterocarvons 

No  report  was  found  in  the  literature  of  host  parasite 
relationships  dealing  with  multiple  heterozygosity  in  the  dicaryon 
and  its  effect  on  pathogenicity.  In  this  work  the  pathogenicity  of 
he terocaryons  does  supply  further  evidence  for  the  nutritional  basis 
of  the  pathogenicity  of  biochemical  auxotrophs.  In  these  he terocaryons 
with  different  gene  combinations  there  would  probably  be  differing 
nutritional  balances  and  these  seem  to  have  a  notable  influence  on  the 
development  of  the  parasite. 

Further  hypotheses  are  proposed  to  explain  these  results, 
namely  that,  as  well  as  pathogenicity  having  a  nutritional  basis  in 
simple  forms,  (1)  it  is  dependent  upon  the  balance  of  nutrients  in  the 
host  parasite  complex  and  (2)  that  this  balance  is  determined  by  the 
gene  combination  or  equipoise  in  the  parasite,  the  genotype  of  the  host 
and  the  interaction  of  the  products  of  the  two  gene  systems.  Evidence 
to  support  these  hypotheses  is  presented  by  comparing  the  changes  in 
pathogenicity  from  one  heterocaryon  to  another  or  from  one  host  to 
another. 


These  changes  of  pathogenicity  of  different  dicaryons  on 
different  host  varieties  will  be  compared  in  four  ways  (a)  in  cases 


. 


' 


-35- 


in  which  one  mutant  gene  heterozygous  with  a  wild  type  gene  is  replaced 
by  the  homozygous  wild  type  alleles  and  a  second  mutant  gene  heterozygous 
with  a  wild  type  gene  is  substituted  for  the  homozygous  wild  condition 
of  that  gene,  or  more  simply  in  which  one  mutant  gene  in  the  parasite 
is  replaced  by  another,  (b)  in  cases  where  one  or  two  mutated  genes  in 
one  nucleus  of  the  parasite  remain  the  same  but  those  in  the  other 
nucleus  change,  (c)  in  cases  where  the  pathogenicity  of  dicaryons  on 
the  other  varieties  is  compared  to  that  on  Brandon  7440  (using  P^), 

(d)  in  comparing  variations  caused  by  different  dicaryons  on  a  variety 
(using  P2). 

Many  examples  of  the  effect  of  gene  changes  can  be  extracted 
from  Table  VII.  Thus  number  5  differs  from  number  6  by  the  substitution 
of  one  mutant  gene  (U25met)  for  another  (U381eu),  with  the  result  that 
the  pathogenicity  of  number  5  is  halved  on  Hannchen,  almost  doubled  on 
Vantage,  much  reduced  on  Odessa,  and  unchanged  on  Brandon  7440.  A 
possible  explanation  is  that  the  genes  for  U38,  V227  and  X58  may 
result  in  a  better  balance  in  the  response  to  the  nutrients  supplied 
by  Odessa  and  Hannchen  barley,  and  U25,  V227  and  X58  may  also  achieve 
a  better  response  to  the  variety  Vantage. 

Considering  the  individual  mutated  genes,  V227pan/+  varies 
in  its  pathogenicity  on  the  basis  of  the  other  mutated  genes  associated 
with  it  in  the  infecting  dicaryon,  the  range  being  on  Hannchen  barley 
from  5.7%  to  45.7%,  on  Vantage  barley  from  8.6%  to  64.1%,  on  Odessa 
barley  from  14.3%  to  76.6%,  and  on  Brandon  7440  from  1.4%  to  19.4% 

(Table  VII,  1-6).  All  of  the  mutated  genes  were  in  the  heterozygous 
form  and  it  would  be  expected  that  their  deficiency  would  be  partially 
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or  completely  complemented  by  the  wild  type  gene  in  the  other  nucleus. 
There  are,  nevertheless,  large  differences  in  the  pathogenicity, 
depending  upon  the  gene  combination  or  equipoise  which  is  present  in 
the  he terocaryon.  All  other  mutated  genes  could  be  compared  in  the 
same  way  but  only  one  further  example  will  be  given,  that  concerning 
the  dicaryons  in  which  one  nucleus  has  the  two  mutants  U29nia  and 
U51arg  (Table  VII,  7  and  12-16).  With  U29nia  and  U51arg  present  in 
one  nucleus,  addition  of  mutant  genes  in  the  other  nucleus  resulted 
in  wide  changes  in  pathogenicity.  Pathogenicity  in  this  group  varied 
on  Hannchen  from  5.7%  to  39.6%,  on  Vantage  from  2.9%  to  60.0%,  on 
Parkland  from  0.0%  to  2.6%  and  on  Brandon  7440  from  1.3%  to  19.7%.  In 
this  second  example,  though  two  of  the  mutant  genes  (U29nia  and  U51arg) 
are  present  in  heterozygous  form,  there  are  large  variations  in 
pathogenicity  according  to  the  pair  of  mutated  genes  present  in  the 
other  nucleus.  The  low  percentage  for  Vantage  (2.9%)  and  Parkland 
(0.0%)  were  for  the  homocaryon  number  12,  U29U5l/lJ29U51  and  the 
dicaryon  number  16,  U29U5l/lJ29X43.  In  numbers  12  and  16  the  change 
from  the  homocaryotic  form  U51/U51  to  the  he terocaryotic  forms  U5l/+ 
and  +/X43  which  change  would  be  expected  to  partially  restore  the 
ability  of  the  fungus  to  make  its  own  arginine  and  to  merely  reduce 
but  not  to  eliminate  its  ability  to  produce  serine  the  pathogenicity 
was  the  same  on  two  varieties,  and  lower  on  the  other  two.  This, 
again,  is  suggestive  of  a  role  in  the  host  parasite  complex  for  the 
balance  of  nutrilites  in  pathogenicity.  In  other  examples  in  this 
g.roup  the  pathogenicity  of  the  mutated  genes  in  one  nucleus  seems  to 
be  greatly  affected  by  the  genes  in  the  other  nucleus,  even  though 
the  dicaryon  has  one  wild  type  gene  to  complement  each  mutated  gene. 
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This  may  compare  to  the  situation  found  by  Emerson  (1948,  and  in  Gowen, 
1950),  in  Neurospora  in  which  the  dicaryon  sfopab/sfo+  (sfo  =  sulfonamide 
requiring  and  pab  =  para-aminobenzoic  acid  requiring)  grew  vigorously 
on  minimal  medium  whereas  neither  sfopab/sfopab  nor  sfp+/sfo+  showed 
appreciable  growth  on  minimal  medium.  This  was  explained  on  the  basis 
that  the  dicaryon,  with  a  wild  type  gene  in  one  nucleus  and  a 
para-aminobenzoic  acid  requiring  gene  in  the  other  nucleus,  produced 
enough  para-aminobenzoic  acid  to  overcome  the  sulfonamide  requirement 
but  not  enough  for  other  deleterious  reactions.  Using  a  somewhat 
similar  example,  also  in  Neurospora .  Mitchell  and  Mitchell  (1952)  showed 
that  some  double  mutants  of  pyr-3  arg-2  required  pyrmidine  but  not 
arginine.  The  gene  changes  in  the  above  examples  may  result  in  changes 
in  the  balance  of  nutrilites  produced,  and  this  may  be  reflected  in 
the  pathogenicity  of  the  dicaryons.  This  explanation  of  pathogenicity 
may  have  factors  in  common  with  the  phenomenon  of  heterosis. 

The  pathogenicity  of  different  dicaryons  on  a  variety  may 
be  compared  to  that  on  Brandon  7440  (P-^.  In  this  respect  it  varied 
from  1.0  to  10.2  on  Hannchen,  from  0.4  to  16.2  on  Vantage,  from  0.8 
to  31.7  on  Odessa  and  from  0.0  to  2.0  on  Parkland  (Table  VII).  This 
comparison  shows  that  for  the  varieties  Hannchen,  Vantage  and  Odessa 
the  level  of  pathogenicity  may  in  some  cases  with  some  dicaryons  be 
equal  to  the  level  on  Brandon  7440  whereas  in  other  cases  with  other 
dicaryons  the  level  of  pathogenicity  may  exceed  the  level  on  Brandon 
7440  by  many  fold.  This  indicates  a  striking  variation  in  the 
abilities  of  different  varieties  to  support  the  various  dicaryons 
and  this  may  well  be  due  to  the  balance  of  nutrilites  supplied  by  the 
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host  and  hence  to  its  genotype.  Though  specific  host  genes  were  not 
studied  in  this  work  gene  groupings  may  be  as  important  as  the  presence 
of  particular  genes. 

Study  of  the  variation  in  pathogenicity  on  one  variety  is 
facilitated  by  using  the  second  pathogenicity  index  (P2).  Since  the 
P2  ranged  from  1.0  to  9.2  on  Hannchen,  from  1.0  to  22.1  on  Vantage, 
from  1.0  to  5.7  on  Odessa,  from  1.0  to  4.5  on  Parkland  and  from  1.0 
to  19.8  on  Brandon  7440,  there  is  evident  a  great  variation  in  the 
ability  of  individual  varieties  to  cope  with  an  invasion  by  different 
dicaryons  of  the  parasite.  This,  on  the  basis  of  the  nutritional- 
gene  equipoise  hypothesis  may  be  due  to  the  change  in  the  gene 
combination  in  the  parasite  and,  therefore,  of  the  balance  of 
metabolites  required  from  the  host  which  change  thereby  markedly 
alters  the  parasite’s  pathogenicity  on  any  one  variety,  but  especially 
on  Brandon  7440  and  Vantage. 

4.  Pathogenicity  of  Double  Homocaryons 

Further  evidence  for  the  influence  of  gene  equipoise  may  be 
found  in  a  study  of  the  pathogenicities  recorded  for  homocaryons  in 
the  data  of  Table  III.  In  this  table  it  is  shown  that  two  arginineless 
homocaryons,  namely  U51arg/lJ51arg  and  X58arg/X58arg ,  were  pathogenic. 
This  might  be  explained  on  the  basis  of  the  association  of  the  former 
with  the  niacinless  U29  and  of  the  latter  with  the  leucineless  U38. 
Similarly  U43ser/U43ser  was  in  a  homocaryon  with  U29nia/lJ29nia  and 
produced  smut,  being,  among  the  serine  homocaryons  studied,  the  only 
one  to  do  so.  Here,  too,  it  may  have  been  the  association  with  the 
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niacinless  gene  which  made  pathogenicity  possible.  This  may  be  similar 
to  the  pyr-3  arg-2  mutants  described  by  Mitchell  and  Mitchell  (1952). 
Another  explanation  is  the  possibility  that  inhibitors  and  inducers 
of  the  parasite  metabolism  may  be  involved.  Petho  (1964)  indicated 
leucine  as  a  fungal  inhibitor,  and  if  in  the  dicaryon  X52argU381eu/ 
X52argU381eu  and  some  of  the  multiple  heterocaryons  involving  U381eu 
the  leucine  level  were  lowered,  such  inhibition  would  be  removed. 
Samborski  and  Forsyth  (1960)  showed  similar  inhibitions  of  rust 
development  by  metabolites  including  amino  acids. 

5.  Gene -for -Gene  versus  Gene.  Equipoise  and  Smut  Race 

As  shown  in  sections  3  and  4,  pathogenicity,  in  the  cases 
which  are  studied  in  this  report,  does  not  fall  into  the  gene-for-gene 
pattern  suggested  by  Flor  (1956)  and  analysed  by  Person  (1959,  1966), 
but  rather  is  dependent  upon  equipoise  of  the  genes  involved  in  the 
heterocaryons.  This  equipoise  is  probably  a  delicate  and  dynamic 
balance.  It  gives  pathogenicity  results  akin  to  those  found  in 
"field  resistance."  This  applies  to  the  extent  that  hypothetical 
races  can  be  determined  from  the  data.  Table  VIII  uses  the  data  from 
Table  VII  and  reorganizes  it  to  allow  a  race  analysis  of  the  last  14 
types  into  five  races.  These  may  be  compared  to  the  races  obtained 
from  field  cultures  (Tapke,  1950j  and  Cherewick,  1958).  There  is  in 
Table  VIII  about  the  same  similarity  between  the  percentages  of 
pathogenicity  of  number  14,  15,  18,  19,  20,  22  and  23,  which  comprise 
the  hypothetical  "race  b,"  as  there  is  between  the  segregants  which 
Cherewick  (1958)  classifies  as  race  6  of  U.  horde i  and  that  which 
Tapke  (1950)  indicates  as  race  6.  A  check  of  the  dicaryon  genotypes 
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Table  VIII.  Hypothetical  smut  races 


Type 

Genotype 
of  pathogen 

Percent  of  pathogenicity 

Race 

Hannchen 

Vantage 

Parkland  Brandon  7440 

12 

U29U51/U29U51 

8.3 

2.9 

0.0 

7.0 

c 

13 

U29U51/X52U38 

8.3 

21.1 

2.6 

1.3 

d 

14 

U29U51/X58U38 

31.4 

25.0 

1.3 

9.3 

b 

15 

U29U5l/lJ25X29 

11.1 

17.6 

1.3 

9.6 

b 

16 

U29U51/U29X43 

5.7 

2.9 

0.0 

5.3 

c 

17 

X52U38/X52U39 

12.1 

26.5 

0.0 

12.2 

c 

18 

X52U38/U38X58 

52.2 

52.6 

1.4 

21.6 

b 

19 

X52U38/U25X29 

32.5 

47.5 

5.3 

14.5 

b 

20 

X52U38/U29X43 

36.4 

47.5 

2.6 

14.9 

b 

21 

X58U38/X58U38 

0.0 

0.0 

0.0 

0.0 

a 

22 

X58U38/U25X29 

21.1 

33.3 

5.9 

17.1 

b 

23 

X58U38/U29X43 

29.7 

47.2 

4.0 

25.7 

b 

24 

U29X43/U25X29 

14.3 

19.0 

0.0 

1.4 

c 

25 

U29X43/U29X43 

3.2 

6.1 

0.0 

0.0 

e 
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in  Table  VIII  shows  that  every  mutant  gene  which  appears  in  any  dicaryon 
in  the  table  occurs  at  least  once  in  "race  b"  and  that  the  genotype 
varies  considerably  from  one  dicaryon  of  "race  b"  to  another.  Since 
different  genotypes  fall  into  the  same  race  serious  doubts  are  cast  on 
the  validity  of  the  race  concept,  particularly  in  a  sexually  reproducing 
parasite  such  as  U.  hordei.  It  seems  probable  that  races  as  they  have 
been  selected  are  not  genotypically  homogeneous  but  are  admixtures  of 
several  genotypes,  and  are,  therefore,  of  limited  value. 
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SUMMARY  AND  CONCLUSIONS 


Study  of  the  homocaryons  resulted  in  the  hypothesis  that 
there  is  a  nutritional  basis  for  the  pathogenicity  of  the  auxotrophs 
of  U.  horde i  and  on  this  basis  the  homocaryons  auxotrophic  for  a 
particular  metabolite  can  be  placed  in  three  groups:  (1)  that  in 
which  the  host  supplies  adequate  amounts  of  the  required  metabolite 
throughout  the  development  of  the  parasite,  (2)  that  in  which  the 
host  does  not  supply  adequate  amounts  of  the  required  metabolite 
at  least  at  some  critical  stage  in  the  development  of  the  parasite 
and  (3)  that  in  which  the  amount  of  the  required  metabolite  is 
adequate  for  some  auxotrophs  but  inadequate  for  others,  i.e.  the 
supply  is  marginal. 

Study  of  the  double  homocaryons  and  multiple  heterocaryons 
resulted  in  two  further  hypotheses: 

(1)  that  there  is  a  delicate,  and  probably  dynamic,  balance 
between  the  supply  and  requirements  of  various  metabolites 
and  an  interaction  between  metabolites. 

(2)  that  the  equipoise  of  the  genes  in  the  parasite,  in  the 
host  and  in  the  total  host  parasite  complex  determines  this 
metabolic  balance  of  the  metabolites. 

The  type  of  host  parasite  relationship  studied  here  is  not 
a  gene -for -gene  relationship  but  is  based  upon  the  dynamism  of  the 
intergenic  reactions  referred  to  as  the  equipoise  of  the  genes.  It 
may  be  compared  with  "field  resistance"  to  the  extent  that  hypothetical 


- 
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races  of  the  parasite  can  be  established,  but  each  race  consists  of 
dicaryons  with  different  genotypes.  This  comparison  casts  doubt  upon 
the  validity  and  usefulness  of  the  race  concept  when  applied  to 
parasites  which  reproduce  sexually  and  the  spores  of  which  represent 
many  and  variable  genotypes. 
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Appendix  I.  Pathogenicity 

recorded 

in  field  tests  -  1965. 

Genotype  of  dicaryon  Patho 

igenic  ity 

Genotype  of  dicaryon 

Pathogenic ity 

U7ad/U7ad 

U381eu/U35ad 

+ 

U7ad/lJ25met 

+ 

U38 le  u/u4 7me  t 

+ 

U7ad/lJ29nia 

4* 

U381eu/U51arg 

+ 

U7ad/U381eu 

+ 

U381eu/lJ52arg 

+ 

U7ad/U40ad 

+ 

U29nia/lI29nia 

U7ad/lJ43ser 

+ 

U29nia/ll40ad 

+ 

U7ad/xi00nia 

+ 

U29nia/lJ43ser 

+ 

U7ad/xi37ad 

- 

U2.9nia/xi00nia 

+ 

U7ad /X58arg 

4* 

U29nia/X137ad 

4- 

U7ad/X29ad 

+ 

U29nia/x.58arg 

+ 

U7ad/X52arg 

+ 

U29nia/x29ad 

4- 

U7ad/x95nia 

4* 

U29nia/X52arg 

+ 

U7ad/lJ32met 

+ 

U29nia/x41iso 

+ 

U7ad/lJ47me  t 

+ 

U29nia/X9  5nia 

+ 

U7ad/lJ51arg 

4- 

U29nia/lJ32me  t 

+ 

U7ad/lJ52arg 

+ 

U29nia/lJ35ad 

+ 

U2  5me  t  /lJ2  5me  t 

- 

U29nia/lJ47me  t 

+ 

U25me  t/lJ29nia 

4* 

U29nia/lJ51arg 

+ 

U2  5me  t/lJ381eu 

+ 

U29nia/U52arg 

+ 

U25me  t/u40ad 

+ 

U40ad/U40ad 

- 

U25me t/xiOOnia 

4* 

U40ad/lJ43ser 

+ 

U25me t/xi37ad 

+ 

U40a.d  /xiOOnia 

+ 

U25met/X58arg 

+ 

U40ad/X137ad 

+ 

U25met/x29ad 

+ 

U40ad/X58arg 

4* 

U2 5me  t/X52arg 

+ 

U40ad/x29ad 

+ 

U25me t/x95nia 

+ 

U40ad/X52arg 

+ 

U25met/lI32met 

+ 

U40ad/X41iso 

+ 

U2  5me  t  /lI4  7me  t 

+ 

U40ad/X95nia 

U40ad/U32met 

+ 

U25met/lJ52arg 

+ 

+ 

U381eu/U381eu 

+ 

U40ad/lJ35ad 

4' 

U381eu/lJ381eu 

- 

U40ad/lJ4  7met 

+ 

U381eu/lJ29nia 

U40ad/[J51arg 

+ 

U381eu/lJ40ad 

+ 

U40ad/U52arg 

+ 

U381eu/U43ser 

+ 

XiOOnia /xiOOnia 

- 

U381eu/xi00nia 

+ 

X100nia/xi37nia 

+ 

U381eu/X137ad 

+ 

X137ad/X137ad 

- 

U381eu/X58arg 

+ 

X52arg/X52arg 

- 

U381eu/X29ad 

+ 

X52arg/U7ad 

+ 

U381eu/X52arg 

+ 

X52arg/lJ2  5met 

+ 

U381eu/X41iso 

+ 

X52arg/lJ29nia 

+ 

U381eu/x95nia 

4- 

X52arg/lJ381eu 

+ 

U381eu/U32me  t 

+ 

X52arg/X29ad 

X29ad/X29ad 

X29ad/U7ad 

X29ad/lJ2  5me  t 
X29ad/lI29nia 
X29ad/lJ381eu 

+ 

+ 

+ 

+ 

+ 

. 


-50- 


Appendix  II.  Pathogenicity  recorded  in  field 

tests  -  1966. 

Genotype  of  dicaryon  Varietv-*-5^ 

Pathogenic  it y^ 

V359pan/v95pro 

+ 

V359pan/vi06pro 

+ 

V359pan/vi73pro 

— 

V359pan/v2 19  pro 

- 

V359pan/v243pro 

+ 

V359pan/V2  72 pro 

+ 

V359pan/v300pro 

+ 

V359pan/v324pro 

+ 

V359pan/v335pro 

+ 

V359pan/v379pro 

+ 

V359pan/v390pro 

+ 

V359pan/v435pro 

+ 

V359pan/zi6pro 

- 

V359pan/Z26pro 

- 

V359pan/zi2 Ipro 

- 

V359pro/zi52pro 

- 

V359pro/zi55pro 

+ 

V359pro/zi67pro 

+ 

V359pan/Z213 

- 

V240arg/V761ys 

+ 

V240arg/V931ys 

+ 

V240arg/vi321ys 

+ 

V240arg/V1451ys 

+ 

V240arg/vi471ys 

+ 

V240arg/vi571ys 

+ 

V240arg/v32  71ys 

+ 

V240arg/V3331ys 

+ 

V240arg/V3451ys 

+ 

V240arg/V39  71ys 

+ 

V240arg/v402 lys 

+ 

V240arg/V4331ys 

+ 

V240arg/V4521ys 

+ 

V240arg/zi071ys 

+ 

V240arg/zi661ys 

+ 

V240arg/Z1731ys 

+ 

V240arg/Z1781ys 

+ 

V240arg/zi941ys 

+ 

V240arg/Z202 lys 

+ 

V242arg/zi29 inos 

+ 

V242arg/Z207inos 

+ 

V242arg/v223inos 

+ 

V242arg/v256inos 

+ 

V242arg/v298inos 

+ 

V242arg/V307inos 

V242arg/v406inos 

+ 

V242arg/v440inos 

+ 

V242arg/v464inos 

+ 

V4171eu/Z 129 inos 

+ 

V4171eu/Z207inos 

+ 

. 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

Var ie ty^ 

Pathogen 

V4171eu/v223inos 

+ 

V4171eu/v256inos 

+ 

V4171eu/v298inos 

+ 

V4171eu/v307inos 

+ 

V4171eu/v406inos 

4* 

V4171eu/v440inos 

+ 

V4171eu/v464inos 

+ 

V4171eu/v23his 

+ 

V4171eu/V54his 

4“ 

V4171eu/V79his 

+ 

V4171eu/V105his 

+ 

V4171eu/Vlllhis 

+ 

V4171eu/vi41his 

+ 

V4171eu/Vl53his 

+ 

V4171eu/v316his 

+ 

V4171eu/V322his 

+ 

V4171eu/V349his 

+ 

V4171eu/V369his 

+ 

V4171eu/V381his 

+ 

V4171eu/V382his 

+ 

V4171eu/V405his 

+ 

V4171eu/v426his 

+ 

V4171eu/V431his 

+ 

V4171eu/V448his 

+ 

V4171eu/V466his 

+ 

V4171eu/Z38his 

+ 

V4171eu/Z42his 

- 

V4171eu/Z44his 

4" 

V4171eu/Z48his 

+ 

V4171eu/Z59his 

+ 

V4171eu/Z137his 

* 

4* 

V4171eu/Z149his 

+ 

V4171eu/Z185his 

+ 

V4171eu/Z186his 

+ 

V4171eu/V52pan 

+ 

V4171eu/V133pan 

+ 

V4171eu/V19 lpan 

+ 

V4171eu/V227pan 

4* 

V4171eu/V271pan 

+ 

V4171eu/V292pan 

+ 

V4171eu/V314pan 

+ 

V4171eu/V328pan 

+ 

V4171eu/V346pan 

4* 

V4171eu/V359pan 

4- 

V4171eu/v445pan 

4- 

V26pyr/V26pyr 

4* 

V26pyr/V203pyr 

+ 

V26pyr/V210pyr 

+ 

V26pyr/V299pyr 

+ 

Appendix  II  -  continued 


Genotype  of  dicaryon_ Variety-*- 

V26pyr/V388pyr 
V203pyr/V203pyr 
V203pyr/V210pyr 
V203pyr /v299pyr 
V203pyr /v388pyr 
V210pyr/V210pyr 
V210pyr/v299pyr 
V2 lOpyr /V388pyr 
V299pyr /V299pyr 
V299pyr /v388pyr 
V388pyr/V388pyr 
V203pyr/V443ad 
V2 lOpyr /v443ad 
V388pyr /V443ad 
V203pyr /v3941eu 
V2 lOpyr /V394 leu 
V388pyr/v3941eu 
V196inos /vi96inos 
V196inos /v256inos 
V196inos/vi98  inos 
V 19  6i.no  s  /V4  06  inos 
V2  5  6  inos /V2  5  6  inos 
V2 5 6 inos /vi9  8 inos 
V2  5 6 inos /V406inos 
V198inos/vi9  8  inos 
V198inos/V406inos 
V406inos /V406inos 
V196inos /V423arg 
V2 5 6 inos /v423arg 
V 19  8 inos /v423arg 
V4  06 inos /V423arg 
V196inos/v443ad 
V2  56inos/v443ad 
V198inos /v443ad 
V4 06 inos /v443ad 
U29nia/Z3nia 
U29nia/Z10nia 
U29nia/Z13nia 
U29nia/z24nia 
U29nia/z33nia 
U29nia/Z50nia 
U29nia/Z53nia 
U29nia/Z54nia 
U29nia,/Z55nia 
U2  9  n  ia  /  Z 1 1  On  ia 
U29nia/Z112nia 
U29nia/Z127nia 
U29nia/Z142nia 
U29nia/Z198nia 


- 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

Variety^- 

Pathogen 

U29nia/Z203nia 

+ 

U29nia/V430nia 

+ 

U29nia/Z7nia 

+ 

U29nia/lJ29nia 

+ 

V3941eu/Z3nia 

+ 

V3941eu/Z10nia 

+ 

V3941eu/zi3nia 

+ 

V3941eu/Z24nia 

+ 

V3941eu/Z33nia 

V3941eu/Z50nia 

+ 

V3941eu/Z53nia 

+ 

V3941eu/Z54nia 

+ 

V3941eu/Z55nia 

+ 

V3941eu/Z110nia 

+ 

V3941eu/Z112nia 

+ 

V3941eu/zi2  7nia 

+ 

V3941eu/zi42nia 

+ 

V3941eu/zi9  8nia 

+ 

V3941eu/Z203nia 

+ 

V3941eu/v430phen 

- 

V3941eu/Z7nia 

+ 

V443ad/Z3nia 

+ 

V443ad/Z10nia 

+ 

V443ad/Z13nia 

+ 

V443ad/Z24nia 

+ 

V443ad/Z33nia 

+ 

V443ad/Z50nia 

+ 

V443ad/Z53nia 

+ 

V443ad/Z54nia 

+ 

V443ad/Z55nia 

+ 

V443ad/Z110nia 

+ 

V443ad/Z112nia 

+ 

V443ad/Z127nia 

+ 

V443ad/Z142nia 

+ 

V443ad/Z198nia 

+ 

V443ad/Z203nia 

+ 

V443ad/V430phen 

- 

V443ad/Z7phen 

+ 

V55tne  t/v55me  t 

— 

V55me t/vi66met 

- 

V55met/V370met 

- 

V55me t/vi58met 

+ 

V55met/V241met 

+ 

V55me  t /v 364me t 

+ 

V55met/V336met 

+ 

V55met/V2 74met 

+ 

V55met/v319met 

+ 

V166me t/vi66met 

+ 

V166met/V370me  t 

V166met/V158met 

+ 

. 
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Appendix  II  -  continued 


Gentoype  of  dicaryon 

1  9 

Variety  > 

Pathogen 

V166rae t/v241me t 

+ 

VI66met/v364me t 

+ 

V166me  t/v336me  t 

+ 

V 1 6  6me  t  /v2  7 4 me  t 

+ 

V166met/V319met 

+ 

V370me t/v370me t 

_ 

V370met/vi58me t 

+ 

V370met/V241me t 

+ 

V370me t/v364met 

+ 

V370me t/v336met 

+ 

V370me t/v2  74 me t 

+ 

V370met/v319met 

+ 

V158me t/vi58met 

- 

V158me t/v241me t 

+ 

V158me t/v364me t 

+ 

V158me t/v336me t 

+ 

V158me t/v2 74me t 

+ 

V158met/V319met 

- 

V241me t/v241me t 

+ 

V241met/V364met 

+ 

V241met/V336met 

+ 

V241me t/v2  74me t 

+ 

V241met/V319met 

+ 

V 3  6 4me  t / V 3  6 4me  t 

- 

V364me t/v336met 

+ 

V364me  t /V2  74me  t 

+ 

V364me t/v319me t 

+ 

V336met/v336me t 

- 

V336me t/v274met 

- 

V336me t/v319met 

+ 

V2  74me t /V2 74me  t 

- 

V274me t/v319met 

+ 

V319met/V319me t 

- 

V451ser /v455me t 

+ 

V451ser /vi66me t 

+ 

V451ser/V370me t 

+ 

V451ser/V158met 

+ 

V451ser /V241me t 

+ 

V451ser /v364met 

+ 

V451ser/V336met 

+ 

V451ser/V319met 

+ 

V5ser /V55me t 

+ 

V5ser /vi66me  t 

+ 

V5ser/v370met 

+ 

V5ser/vl58me  t 

+ 

V5ser/V241me t 

+ 

V5ser/v364me t 

+ 

V5ser/V336met 

+ 

V5ser/V319met 

+ 

V4171eu/V55me t 

+ 

. 
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Append  ix  II  -  continued 


Genotype  of  dicaryon _ Variety^  _ Pathogenic ity^ 

V4171eu/vi66me t  + 

V4171eu/V370  met  + 

V4171eu/vi58  met  + 

V4171eu/V241me t  + 

V4171eu/V364  met  + 

V4171eu/V336  met  + 

V4171eu/V319  met  + 

V3941eu/V55  met  + 

V3941eu/vi66met  + 

V3941eu/v370me t  + 

V3941eu/vi58  met  + 

V3941eu/V241met  + 

V3941eu/v364me t  + 

V3941eu/V336  me  t  + 

V3941eu/V319  + 

V435pro/v324pro  + 

V435pro/v335pro 
V435pro/v242arg 

V435pro/v393arg  + 

V435pro/V400arg  + 

V435pro/V240arg  + 

V435pro/v423arg  + 

V390pro/V324pro  + 

V390pro/V335pro 

V390pro/V376arg  + 

V390pro/V400arg  + 

V390pro/v400arg  + 

V390pro/V393arg 
V390pro/V242arg 

V390pro/v436arg  + 

V390pro/V240arg  + 

V390pro/V423arg 
V324pro/v324pro 

V324pro/v335pro  + 

V324pro/v242arg 

V324pro/v393arg 

V324pro/V240arg  + 

V324pro/v423arg  + 

V335pro/V335pro 

V335pro/v242arg  + 

V335pro/V39  3arg  + 

V335pro/V240arg 

V335pro/v423arg  + 

V242arg/V242arg 

V242arg/V393arg 

V242arg/V240arg 

V242arg/V423arg  + 

V 393arg/v393arg 

V393arg/V240arg  + 
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Appendix  II  -  continued 


Genotype  of  dicar yon 


Var  iety^- 


Pathogenic ity~ 


V393arg/v423arg 

+ 

V240arg/V240arg 

- 

V240arg/V423arg 

- 

V423arg/V423arg 

- 

V324pro/v376arg 

+ 

V324pro /v400arg 

+ 

V324pro /V267arg 

+ 

V324pro/v436arg 

+ 

V242arg/v376arg 

- 

V242arg/V400arg 

+ 

V242arg/V267arg 

- 

V242arg/V436arg 

+ 

V423arg/V376arg 

+ 

V423arg/V400arg 

- 

V423arg/V267arg 

+ 

V423arg/V436arg 

+ 

V324pro /vi96inos 

- 

V324pro/V406inos 

- 

V390pro/vi96inos 

- 

V390pro/V406inos 

- 

V242arg/V328pan 

+ 

V242arg/V359pan 

+ 

V393arg/V328pan 

- 

V393arg/v359pan 

- 

V240arg/v328pan 

+ 

V240arg/V359pan 

+ 

V423arg/v328pan 

- 

V423arg/v359pan 

+ 

V242arg/v364met 

+ 

V293arg/V364me t 

+ 

V240arg/V364me t 

+ 

V423arg/V364met 

+ 

V261arg/V364me t 

+ 

V244arg/V364met 

+ 

V293arg/V364me t 

+ 

V324pro/v364met 

+ 

V39  Opro /v364me  t 

+ 

V242arg/v466his 

+ 

V29  3arg/v466his 

+ 

V240arg/V466his 

+ 

V423arg/v466his 

+ 

V324pro/v466his 

+ 

V39 Opro /v466his 

+ 

V5ser /V5ser 

V5ser/V451ser 

+ 

V5ser/vi38ser 

V451ser/V451ser 

V451ser/V138ser 

V138ser/V138ser 

< 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

V5ser /v445p  an 
V451ser/V445pan 
V138ser/V445p  an 
V5ser /v359pan 
V451ser /V359pan 
V138ser/V359pan 
V5ser /v288ad 
V451ser/V288ad 
V138ser /v288ad 
V138ser/V336  met 
Vl38ser/V364  met 
V138ser /V319me  t 
Vlllhis /villhis 
Vlllhis /V466h  is 
Vlllhis /v426his 
Vlllhis/V469his 
V466his /V466his 
V466his /v426his 
V466his /v469his 
V426his/v426his 
V426his /v469his 
V469his/V469his 
Vlllhis /V55  met 
V466his/V55  met 
V42  6h  is  /V55me  t 
V469his /v364me  t 
V382his/v364me  t 
V466his/vi74iso 
V426his/vi74iso 
V469his/vi74iso 
V329 lys /V329 lys 
V329 lys /v931ys 
V329 lys/v3451ys 
V3291ys/V4331ys 
V931ys/V931ys 
V931ys/V3451ys 
V931ys/V4331ys 
V3451ys/V3451ys 
V3451ys/V4331ys 
V4331ys/V4331ys 
V329 lys/v406inos 
V3451ys /V406inos 
V1471ys/v419 leu 
V329 lys /V419 leu 
V3451ys/V4191eu 
V443ad/V443ad 
V443ad/V217ad 
V443ad/V288ad 
V443ad/V175ad 
V217ad/V217ad 


Variety^  >2 


Pathogenicity 


3 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4* 


+ 


+ 


+ 

+ 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

1  o 

Variety  ’ 

o 

Pathogenicity 

V217ad/V288ad 

V217ad/vi75ad 

— 

V288ad/V288ad 

— 

V288ad/vi75ad 

+ 

V175ad/V173ad 

- 

V201ad/v443ad 

+ 

V201ad/V288ad 

- 

V443ad/v324pro 

+ 

V217ad/v324pro 

+ 

V201ad/V324pro 

+ 

V288ad/v324pro 

+ 

V175ad/v324pro 

+ 

V443ad/V3451ys 

+ 

V288ad/V3451ys 

- 

V443ad/vi74iso 

- 

V288ad/vi74iso 

- 

V13iso/vi3iso 

- 

V435pro/v324pro 

VH 

+ 

V435pro/v324pro 

B 

+ 

V435pro /V242arg 

VH 

- 

V435pro/v242arg 

B 

- 

V435pro/v400arg 

VH 

+ 

V435pro/V400arg 

B 

+ 

V435pro/v423arg 

VH 

- 

V435pro/v423arg 

B 

- 

V390pro/V335pro 

VH 

- 

V390pro/V335pro 

B 

- 

V39  0pro/v400arg 

VH 

+ 

V390pro/v400arg 

B 

+ 

V390pro/V242arg 

VH 

+ 

V390pro/V242arg 

B 

- 

V39  0pro/v240arg 

VH 

+ 

V390pro/V240arg 

B 

+ 

V242arg/V242arg 

VH 

- 

V242arg/v242arg 

B 

- 

V242arg/V423arg 

VH 

- 

V242arg/V423arg 

B 

- 

V393arg/V240arg 

VH 

+ 

V393arg/V240arg 

B 

+ 

V240arg/V240arg 

VH 

V240arg/V240arg 

B 

- 

V423arg/V423arg 

VH 

— 

V423arg/V423arg 

B 

• 

V390pro /V19  6inos 

VH 

V39  0pro/vi96 inos 

B 

V293arg/V364me t 

VH 

+ 

V293arg/v364me t 

B 

— 

V293arg/v364met 

VH 

+ 

. 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

Variety-^- 

Pa  thogenic ity 

V423arg/V364met 

B 

V244arg/v364me  t 

VH 

+ 

V244arg/V364me t 

B 

- 

V435pro/v335pro 

VH 

+ 

V435pro/v335pro 

B 

- 

V433pro/v393arg 

VH 

- 

V435pro/v393arg 

B 

- 

V435pro/V240arg 

VH 

+ 

V435pro/V240arg 

B 

+ 

V390pro/V324pro 

VH 

+ 

V390pro/v324pro 

B 

+ 

V390pro/V376arg 

VH 

+ 

V390pro/v376arg 

B 

4“ 

V390pro/V393arg 

VH 

- 

V390pro/V393arg 

B 

- 

V390pro/v436arg 

VH 

+ 

V390pro/v436arg 

B 

+ 

V390pro/v423arg 

VH 

+ 

V390pro/v423arg 

B 

+ 

V242arg/V240arg 

VH 

+ 

V242arg/V240arg 

B 

+ 

V393arg/V393arg 

VH 

4“ 

V393arg/v393arg 

B 

+ 

V393arg/v423arg 

VH 

+ 

V393arg/V423arg 

B 

4* 

V240arg/v423arg 

VH 

+ 

V240arg/V423arg 

B 

+ 

V390pro /V19  6inos 

VH 

+ 

V390pro/vi96inos 

B 

+ 

V242arg/V364met 

VH 

+ 

V242arg/V364me t 

B 

+ 

V240arg/v364me t 

VH 

+ 

V240arg/V364me t 

B 

+ 

V261arg/v364met 

VH 

4* 

V261arg/v364me  t 

B 

4* 

V293arg/V364raet 

VH 

+ 

V293arg/V364met 

B 

— 

V242arg/V242arg 

VH 

V242arg/V242arg 

B 

— 

V13iso/Vl 74iso 

V13/v453isoval 

+ 

V13/iso/v449 is oval 

+ 

V13iso/v3941eu 

4“ 

VI 3 iso /v4 17 leu 

+ 

V174iso/vi74 iso 

— 

V174iso/v453isoval 

V174iso/v449 is oval 

4" 

V174iso/v3941eu 

4- 

V174iso/v4171eu 

+ 

I 


■ 
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Appendix  II  -  continued 


Genotype  of  dicar yon 

Variety-*- 

Pathogen 

V453isoval/V453isova 1 

+ 

V453isoval/v449 isoval 

- 

V453isoval/v3941eu 

+ 

V453isoval/v4171eu 

+ 

V449 isoval /v 449 isoval 

- ; 

V449 isoval /v3941eu 

+ 

V449 isoval/v4171eu 

+ 

V3941eu/V3941eu 

- 

V3941eu/V4171eu 

- 

V4171eu/V4171eu 

- 

U50isoval/vi74iso 

+ 

U50isoval/V449 isoval 

- 

U50isoval /v3941eu 

+ 

U26isoval/vi74iso 

+ 

U26isoval/v449 iso 

- 

U26isoval/v3941eu 

+ 

V4191eu/V3941eu 

+ 

V3781eu/V3941eu 

+ 

V4071eu/V3941eu 

- 

V3431eu/v3941eu 

- 

V4191eu/vi74iso 

+ 

V3781eu/vi74iso 

- 

V4071eu/vi74iso 

+ 

V3431eu/vi74iso 

V4191eu/v419 leu 

+ 

V3781eu/v419 leu 

+ 

V13iso/v292pan 

+ 

V174iso/v292pan 

+ 

V453isoval/v292pan 

+ 

V377isoval/v292pan 

+ 

V449 isoval /v292pan 

+ 

U50isoval /v292pan 

+ 

U26i.soval/v292pan 

+ 

V419 leu/v292pan 

+ 

V3781eu/V292pan 

+ 

V3941eu/V292pan 

+ 

V4071eu/V292pan 

+ 

V3431eu/V292pan 

+ 

V13iso/v240arg 

+ 

V449 isoval/v240arg 

+ 

V453isoval/v240arg 

+ 

V4 19  leu /V240arg 

+ 

V3781eu/V240arg 

+ 

V13iso/V210pyr 

- 

V449 isoval/v2 lOpyr 

- 

V453isoval/v2 lOpyr 

- 

V4 19  leu/\/2  lOpyr 

- 

V3 78 leu/v2 lOpyr 

- 

V19 lpan/v52pan 

+ 

V19 lpan/v52pan 

+ 

V22  7pan/v292pan 

+ 

‘ 
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Appendix  II  -  continued 


Genotype  of  dicar yon 

Variety^ 

o 

Pathogenic  it y 

V227pan/v292pan 

+ 

V32 Span /V52 pan 

+ 

V328pan/V292pan 

+ 

V328pan/v346pan 

- 

V328pan/v359pan 

+ 

V328pan/V2  71pan 

- 

V445pan/V52pan 

+ 

V443pan/V292pan 

+ 

V445pan/V346pan 

- 

V445pan/V359pan 

+ 

V445pan/v2  71pan 

+ 

V52pan/V52pan 

+ 

V32pan/v292pan 

+ 

V52pan/v346pan 

- 

V52pan/V359pan 

+ 

V292pan/V292pan 

+ 

V292pan/v346pan 

+ 

V292pan/v359pan 

+ 

V346pan/v346pan 

+ 

V346pan/v346pan 

+ 

V346pan/v2  71pan 

+ 

V359pan/v359pan 

+ 

V359pan/v2  71pan 

+ 

V227pan/v336met 

4* 

V22  7pan/vi9  6inos 

- 

V22  7pan/v4171eu 

+ 

V22  7pan/vi74 iso 

- 

V22  7pan/v451ser 

+ 

V227pan/V5ser 

+ 

V22  7pan/vi38ser 

- 

V22  7pan/v449 isoval 

+ 

V22  7pan/v324pro 

+ 

V22  7pan/v466his 

+ 

V22  7pan/v288ad 

- 

V22  7pan/\;2  lOpyr 

+ 

V390pro/v451ser 

+ 

V390pro/V5ser 

— 

V390pro/V138ser 

— 

V390pro/vi74iso 

- 

V390pro/V201ad 

+ 

V390pro/V419 leu 

V338met/V338met 

+ 

V338met/V288ad 

— 

V338met/V419 leu 

- 

V338me t/v336me t 

+ 

V338me t/v240arg 

+ 

V338me t/v466his 

+ 

V445pan/v359pan 

0 

— 

V445pan/v359pan 

VII 

• 
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Appendix  II  -  continued 


Genotype  of  dicar yon 


Variety 


1,2 


V445pan/V359p  an 

V445pan/v359pan 

V445pan/v359pan 

V445pan/v359pan 

V445pan/x95nia 

V445pan/x95nia 

V445pan/X95nia 

V445pan/x95nia 

V445pan/X9  5nia 

V445pan/x95nia 

V198inos/x95nia 

V198inos/x95nia 

V19  8inos/x9  5nia 

V 19  8  ino  s  /x9  5  n  ia 

V198inos /X95nia 

V198inos /X95nia 

V198inos/vi98inos 

V198inos/vi98inos 

V198inos/vi9  8inos 

V198inos/vi98inos 

V198inos/vi98  inos 

V19  8inos /vi9  8inos 

V390pro /V5ser 

V390pro/V5ser 

V390pro/V5ser 

V390pro/V5ser 

V39  0pro/v5ser 

V390pro/V5ser 

V5ser /V5ser 

V5ser/V5ser 

V5ser /V5ser 

V5ser /V5ser 

V5ser /V5ser 

V5ser/V3ser 

V393arg/v39  3arg 

V393arg/v393arg 

V393arg/v393arg 

V39  3arg/v39  3arg 

V393  arg/v393arg 

V39  3arg/v39  3arg 

V393arg/V293cit 

V39  3arg/v293c it 

V393arg/V293cit 

V393arg/v293c it 

V393arg/V293cit 

V393arg/V293cit 

V390pro/V393arg 

V390pro/V393arg 

V390pro/V393arg 


L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 


Pathogenicity 


3 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


‘ 
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Appendix  II  -  continued 


Genotype  of  dicaryon 


Variety^- 


Pathogenicity^ 


V39  Opro /v39  3arg 

V390pro/v393arg 

V390pro/V393arg 

V390pro/V393arg 

V390pro/v393arg 

V390pro /v393arg 

V390pro/V393arg 

V39  Opro /V39  3arg 

V390pro/V393arg 

V217ad/V242arg 

V217ad/V242arg 

V217ad/V242arg 

V217ad/V242  arg 

V217ad/V242arg 

V217ad/V242arg 

V217ad/V242arg 

V217ad/V242  arg 

V217ad/V242  arg 

V217ad/V242  arg 

V217ad/v242arg 

V217ad/v242arg 

V217ad/V217ad 

V217ad/v2 17ad 

V2 1 7ad/v2 17ad 

V217ad/V217ad 

V217ad/V217ad 

V217ad/V217ad 

V217ad/lJ7ad 

V217ad/lJ7ad 

V217ad/lJ7ad 

V217ad/lJ7ad 

V217ad/U7ad 

V217ad/lJ7ad 

U7ad/lJ7ad 

U7ad/lJ7ad 

U7ad/lJ7ad 

U7ad/lJ7ad 

U7ad/lJ7ad 

U7ad/lJ7ad 

V217ad/V217ad 

V217ad/V217ad 

V217ad/V217ad 

V217ad/V2 I7ad 

V217ad/V217ad 

V2 17ad/v2 1 7ad 


T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 

0 

VH 

L 

T 

C 

B 


+ 

+ 


+ 
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Appendix  II  -  continued 


Genotype  of  dicaryon 

Var ie ty^ ^ 

Pathogenic ity^ 

V393arg/V393arg 

0 

V393arg/v393arg 

VH 

- 

V393arg/V393arg 

L 

- 

V393arg/V39  3arg 

T 

- 

V393arg/V393arg 

C 

- 

V393arg/V393arg 

B 

^  Where  variety  is  not  specified  both  Hannchen  and  Vantage  were 
used . 

O 

Abbreviations  for  varieties  are  H-Hannchen,  V -Vantage, 
B-Brandon  7440,  0-0dessa,  L-Lion,  T-Trebi,  C-Conquest. 

3 

(+)  indicates  pathogenicity  on  one  or  more  varieties, 

(-)  indicates  no  pathogenicity  on  the  varieties  used. 


■ 


